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I  INTRODUCTION 


The  exposure  of  an  orbitinq  spacecraft  to  exoatmospheiic 
nuclear  x  radiation  results  in  photoelectron  emission  from  all 
irradiated  surfaces.  This  pulsed  electron  emission  is  the  driving 
mechanism  for  system  generated  electromagnetic  pulse  (SGEMP)  ef¬ 
fects  which  could  cause  unacceptable  electronic  problems  in  a 
spacecraft.  In  order  to  analyze  and  predict  SGEMP  responses,  it 
is  necessary  to  know  the  energy  distribution  and  the  yield  of  the 
emitted  photoelectrons.  Ihis  report  qives  the  results  of  a  set 
of  studies  to  characterize  photoemission  from  materials  used  on 
satellites  and/or  during  SGEMP  experiments.  These  studies  in¬ 
cluded  the  use  of  both  pulsed  and  steady-state  x  radiation. 

The  interaction  of  x  radiation  with  material  generates  photo- 
electrons,  Auger  electrons  and  Compton  electrons,  all  referred  to 
here  as  primary  electrons,  that  have  energies  extending  from  the 
incident  x-ray  energies  down  to  nearly  zero.  These  primary  elec¬ 
trons  then  produce  in  the  material  secondary  electrons  with  ener¬ 
gies  averaging  only  a  few  eV.  For  the  irradiation  intensities  of 
interest  to  system  responses,  space -charge  effects  are  expected 
to  limit  the  emission  of  low-energy  electrons.  However,  when 
satellites  are  highly  charged  by  the  ambient  electrons  in  space, 
the  SGEMP  responses  could  be  enhanced  significantly  by  the 
secondary-electron  emission.  Therefore,  the  present  studies  were 
directed  at  identifying  the  characteristics  of  both  primary  and 
secondary  electrons.  The  characteristics  of  phot oe 1 ect t on  emis¬ 
sion  include  the  yield  (number  of  electrons  per  incident  photon), 
the  energy  distribution  of  these  electrons  and  the  angular  distri¬ 
bution. 
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There  aie  many  pioqrams  directed  at  developing  means  to 
predict  SGEMP  responses.  One  of  these,  denoted  the  SKYNE1  series, 
has  used  the  intense  pulsed  radiation  generated  by  the  OWL  II' 
exp lodi nq-wi i e  plasma  radiation  source  (PRS)  at  Physics  Interna¬ 
tional  Company  (PI).  lo  obtain  the  photoelectron  spectral  yields 
needed  for  the  analysis  of  these  results,  one  could  measure  the 

x-ray  spectral  intensity  and  apply  an  emp i r i ca 1 /t heor et i ca  l  phot o- 

1  2 

emission  computet  code.  ’  Unfortunately,  besides  the  uncertainties 
inherent  in  the  x-ray  measurements  themselves,  there  have  been  sub¬ 
stantial  uncertainties  in  the  characterization  of  surface  materials 
and  i rt  the  accuracy  of  available  computet  codes,  especially  at  low 
photon  energies.  therefore,  a  magnetic  photoelectron  spectrometei 
system  (PES5)  was  desiqned  and  developed  lo  give  direct  measurements 
of  the  photoelectron  spectral  yields  generated  by  the  PRS  x  tadta- 
tion  incident  on  materials  of  interest  to  these  SKYNE1  SGEMP  tests. 
In  addition  to  the  PESS  instrument  used  for  determining  the  energy 
spectra  of  pulsed  photoelectron  emission,  auxilliaty  instrumenta¬ 
tion  was  used  during  these  SKYNE1  experiments.  Thermopile  calori¬ 
meters  were  used  to  measure  the  x-ray  fluence  and  an  array  of  x-ray 
diodes  (XRD)  was  used  for  total  phot oemi ss i on  measurements. 

Complementary  to  the  5KYNE1  pulsed  photoelectron  measurements 
were  photoemission  studies  using  low-energy,  steady-state  mono¬ 
chromatic  x  rays.  Such  steady-state  studies  provided  an  accurate 
data  set  of  photoemission  spectral  yields  as  a  function  of  x-ray 
energy  from  materials  of  interest.  these  data  can  also  be  used 
to  verify  pho t oemi ss i on  computer  codes  being  developed  under  DNA 
contract.  Ihe  steady-state  portion  of  this  program  was  subdivided 
into  two  experimental  parts:  a)  determination  of  primary  and 
secondary  electron  yields  arid  b)  determining  the  energy  distrrbu- 
t ion  of  primary  electrons. 
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Section  II  of  this  report  gives  the  design  considerations  and 
engineering  aspects  of  the  PESS  instrumentation  plus  the  auxilliary 
eguipment  used  during  the  pulsed  studies.  Section  III  gives  the 
results  of  the  pulsed  measurements  with  an  analysis  of  the  results 
in  Section  IV.  The  experimental  techniques  and  results  of  the 
steady-state  yield  measurements  are  described  in  Section  V  while 
the  steady-state  spectral  measurements  and  results  are  given 
in  Section  VI.  Section  VII  provides  a  summary  of  supporting  com¬ 
putations  by  Systems  Sciences  and  Software  (SSS)  to  calibrate  the 
PESS  by  determining  the  effects  of  space  charge  and  applied  electric 
fields  on  electron  orbits.  A  comparison  of  pulsed  and  steady-state 
results  is  given  in  Section  VIII  along  with  a  comparison  of  DNA- 
supported  theoretical  yields  to  the  measured  values.  Conclusions 
and  recommendations  are  given  in  Section  IX. 


II.  SKYNET  I  NS  I  RUMEN  1  A 1  ION 


The  instrumentation  required  for  diagnostic  support  to  the 
SKYNE1  experiments  consisted  of  the  followiriq:  phot  oe  lect  t  on  spec¬ 
trometer,  calorimeters,  x-ray  diodes,  and  associated  data-r ecor di nq 
equ i pment . 

A.  PH01  0ELEC1 RON  SPECTROMETER  SYSTEM  (PESS) 

I.  Spectrometer  Design: 

Ihe  primary  objective  of  the  SKYNET  Diagnostic  support  was  to 
develop  instrumentation  for  determining  the  energy  d i st t i bu t i on  of 
photoelectron  emission  generated  by  the  OWL  II,'  explodinq-wite  x-ray 
spectrum.  Ihe  transient  nature  of  the  x-ray  source  required  that 
the  emitted  phot  oe  lect  i  oris  be  separated  according  to  their  energies 
and  detected  simultaneously  by  an  array  of  detectors  having  suitable 
time  resolution.  In  order  to  use  an  array  of  detectors  and  have  a 
good  electron-collection  efficiency,  it  was  decided  to  use  a  magne¬ 
tic  field  for  enetqy  resolution  rather  than  an  electrostatic  field. 

The  original  design  goals  were  to  use  eight  detectors  to  cover 
a  factor  of  twenty  in  electron  enetqy  and  to  have  a  time  resolution 
of  3  nanoseconds.  Pot  the  OWL  II'  x-ray  spectrum,  the  electron 
energies  of  interest  were  under  3  keV.  Therefore,  the  required  mag¬ 
netic  field  for  deflecting  the  electrons  through  180°  could  be 
much  less  than  10  Tesla  (100  Gauss).  For  this  range  of  fields, 
it  was  preferable  to  use  an  air-cote  magnetic  solenoid  which  has 
several  advantages  over  the  use  of  a  permanent  magnet.  First  of 
all,  the  magnetic  field  could  be  varied  easily  by  changing  the 
current  flowing  through  the  coil.  In  addition,  the  geometry  permit¬ 
ted  use  of  a  latqer  divergence  in  the  electron  trajectories.  Other 
advantages  of  the  air- core  solenoid  were:  lighter  weight,  lower 

cost,  and  faster  procurement  time. 


The*  desiqned  instrument  is  ii'feiicd  to  as  the  phol  oe  left  i  on 
spent i omelet  system  (PESS).  A  cross  section  of  the  maqnetic  spec- 
t i o  ter  is  shown  schematically  in  F i qu i e  1 .  X  radiation  entered 
the  spectrometer  throuqh  a  port  on  the  side  atm  and  was  incident 
onto  the  photoemillei  at  60°  to  the  surface  normal.  A  fraction 
of  the  emitted  photoelectrons  passed  throuqh  a  set  of  defining 
apertures  into  the  spectrometer  chamber.  There  the  axial  magnetic 
field  provided  enetqy  resolution  and  quided  the  electrons  to  a  set 
of  eight  elect  t  omaqnet  .ica  1  ly -shielded  Faraday  cups.  In  an  ideal 
ronf iqur  at  ion,  the  electrons  would  follow  180°  orbits  from  a p  e  r  - 
tuie  to  cups.  However,  the  constraint  of  a  larqe  enetqy  r  ariqe  led 
to  placinq  the  cup  array  at  a  lesser  anqle.  1  wo  Faraday  cup  arrays 
were  used  arid  the  electrons  followed  orbits  aveiaqinq  1S7°  or 
168°. 


Ihe  entrance  port  on  the  sidearm  of  the  spectrometer  had  a 
2 . 5-cm-di ame t e r  collimatinq  aperture  so  that  the  x  radiation  was 
incident  only  on  the  photoemitter  face.  Ihe  shank  of  the  emitter 
was  undercut  so  it  was  shadowed  from  t  tie  x  rays  while  the  mount  inq 
flanqe  at  the  rear  was  sufficiently  remote  that  photoelections 
could  not  reach  the  aperture.  A  set  of  aperture  plates  were  placed 
in  the  channel  to  the  main  chamber  to  minimize  the  number  of  scat¬ 
tered  electrons  passirrq  into  the  chamber.  The  photoemitter  was 
oriqinally  mounted  on  a  qtounded  support.  Subsequently,  this  moun- 
t  i nq  was  chanqed  to  a  coaxial  feedthiouqh  so  that  the  photoemitter 
could  be  biased  and/or  t  tie  total  phot  oem  i  ss  i  on  current  could  tie 
monitored. 

A  photoqraph  of  the  sped  inmotei  is  shown  in  Fiqure  2.  Ihe 
vacuum  chamber  and  side  aim  were  constructed  of  aluminum.  A  maqnet 
coil  2(1  cm  in  diameter  by  2  5  cm  lonq  was  wound  on  the  cylindrical 
chamber  leavinq  a  2  cm  gap  for  t  tie  electron  aperture.  The  coil 
current  i^  was  generated  by  an  adjustable  power  supply.  For  the 
spectrometer  geometry  and  i anqe  of  i  ^  ,  election  ene i g i es  could 
he  measured  within  the  limits  of  (1-1  S  keV. 
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2.  Maqnet ic-F i e Id  Calibration 

A  Hall  probe  was  used  to  measure  the  axial  component  of  the 
magnetic  field,  B^,  as  a  function  of  radius  at  three  axial 
heiqhts  2  =  P  (midplane),  2  and  4  cm.  Ihe  results  ate  given  in 
Figure  3.  At  the  center  of  the  coil,  the  measured  value  of  11.7 
qauss/ampete  agrees  well  with  a  value  of  11.85  gauss/ampere  calcu 
lated  for  the  coil  geometry.  Ihe  last  electron  aperture  was  at 
9.2  cm  from  the  coil  center  while  the  photo emitter  surface  was 
about  14  cm  from  the  axis.  In  this  region,  the  magnetic  field 
was  an  o t de t -o f -ma qn i t ude  lower  than  the  field  inside  the  chamber 
Thus,  we  could  neglect  curvature  of  the  electron  trajectories  be¬ 
tween  the  emitter  and  aperture. 

Calibration  of  the  magnetic  field  was  confirmed  also  by  sub¬ 
sequent  operation  of  the  PESS  with  the  photoemitter  biased  nega¬ 
tively.  In  this  case,  low-energy  secondary  electrons  were  accel¬ 
erated  and  detected  in  the  Faraday  cup  corresponding  to  the  appro 
pr  i at  e  energy. 

3.  Electron  Detectors 

Ihe  election  detectors  were  a  set  of  Faraday  cups  formed  of 
sheet  brass.  These  cups  were  enclosed  and  e 1 ect r omagnet  i  ca  1  1  y 
isolated  from  each  other  by  a  grounded  structure  covered  on  the 
front  by  a  semi-transparent  brass  screen.  The  cup  dimensions 
were  1(1  mm  wide,  10  mm  deep  and  70  mm  high  (parallel  to  magnetic 
field)  with  a  14.5  mm  center -to-cent  ci  spacing.  This  depth-to- 
width  ratio  for  each  cup  minimized  election  backseat  ter  and  a 
carbon  coating  in  the  form  of  Aquadaq^  further  reduced  the 
election  backseat  ter. 
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(GAUSS /AMPERE) 


F  iqure  3  Axial  magnetic  field  of  PF.SS  as  a  function  of  radius 
and  distance  from  midplane 
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Ihe  election  signal  from  each  Faraday  cup  was  transmitted  on 
a  RG-174  coaxial  cable  to  a  vacuum  feedthrough.  Since  each  cup 
would  detect  only  a  small  fraction  of  the  emitted  phot  oe  led  t  ons, 
pulse  amplifiers  were  used  to  increase  the  signal  levels  before 
transmission  on  long  cables  to  the  recording  instrumentation. 

Each  Faraday  cup  was  directly  grounded  through  30  ohms  to  provide 
the  proper  input  for  the  amplifier.  these  pulse  amplifiers,  had 
gains  measured  to  be  28  to  31  dR  when  driven  by  a  30-ohm  source, 
the  gains  of  these  amplifiers  were  routinely  measured  at  the  begin¬ 
ning  and  end  of  each  test  series.  Ihe  freguency  response  of  these 
units  were  within  3  dR  from  ahout  2(1  kHz  to  better  than  6(10  MHz  and 
the  output  noise  was  less  than  2  mV  at  full  bandwidth. 

Crosstalk  between  t he  Faraday  cups  was  checked  by  inject  ing 
a  fast-rising  narrow  pulse  onto  one  cup  and  observing  the  pickup 
on  adjacent  cups.  Ihe  electromagnetic  isolation  was  found  to  be 
better  than  8(1  dR.  Ihe  RF  shielding  on  each  cup  also  attenuated 
sufficiently  the  pickup  of  fields  accompanying  the  election  pulse. 

4 .  Calibration  of  PEGS 

Calibration  factors  were  needed  to  determine  t  lie  electron 
energy,  energy  resolution  and  electron  collection  efficiency  in 
the  magnetic  phot oe  led  r on  spectrometer  (PE5S).  Using  the  basic 
laws  of  physics,  these  calibration  factors  weir1  derived  from  the 
geometry  of  the  system,  specifically  the  shape- s  and  positions  of 
the  phot,  o  emit  ter,  electron  aperture  and  Faraday  cups ,  and  from  t  tie 
magnetic  field.  From  the  field  plots  in  F i gu  r  e  3 ,  the  magnetic 
field  was  considered  to  tie  uniform  between  the  aperture  and  the 
cups,  while  the  much  weaker  field  between  the  phot oemit ter  and  the 
aperture  was  assumed  to  have  negligible  effect  on  election  tiajec- 
t  o  t  i  e  s  . 
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The  calculated  calibration  factors  foi  the  election  energy 
and  energy  resolution  depended  piimaiily  on  the  sizes  and  oiien- 
t  at  ion  of  the-  election  aperture  and  Faraday  cups.  A  secondary 
factor  was  the  angular  distribution  of  election  trajectories 
t  h  r  o  u  q  h  t  h e  aperture. 

The  election  aperture  was  10  mm  wide  by  R  mm  hiqh  and  each 
Faraday  cup  was  10  mm  wide.  Distances,  y,  from  the  center  of  the 
aperture  to  the  centers  of  the  eiqht  cups  were:  3  5,  50,  64,  7B, 

93,  107,  122  and  136  mm.  Ihe  energy  of  an  electron  is  proportional 

to  the  square  of  its  cyclotron  radius  and  to  the  square  of  the  maq- 
netic  field.  For  IR0°  focusiriq  of  elections,  the  mean  energy, 

Eq,  of  detected  electrons  is  given  in  terms  of  the  applied  maqnet 
coii  current,  i^,  and  the  diameter  of  the  orbit,  y,  by  the  follow¬ 
ing  expression, 

F  =  3.01  ( i Hy  )  2  eV 

O  o 

where  i^  is  in  ampere  and  y  in  cm.  The  mean  election  energies 
given  by  this  expression  are  plotted  in  Figure  4  as  a  function  of 
solenoid  current  for  the  eiqht  Faraday  cups.  At  any  given  magnetic 
field,  the  eiqht  cups  spanned  about  a  factor  of  20  in  energy.  On 
the  average,  the  electrons  appeared  to  have  energies  a  few  percent 
lower  than  was  actual  because  of  several  factors:  non-lOO0  focus- 

inq,  divergence  of  the  electrons  through  the  aperture  and  curvature 
of  election  trajectories  in  the  magnet i c  field  ahead  of  aperture. 
Some  of  these  effects  partially  offset  one  another.  These  calcu¬ 
lated  values  of  the  energy  calibration  factors  were  in  good  agree¬ 
ment  with  measurements  of  accelerated  secondary  electrons  described 
later  in  the  report. 

The  beveled  surface  of  the  phot  Remitter  mounting  used  for 

most  of  these  measurements  had  dimensions  of  19.5  mm  wide  try  9.5  mm 

2 

hiqh,  giving  an  irradiated  area  of  1.81  cm  .  A  few  of  the  mounted 
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Calculated  values  of  average  electron  enerqy,  F  to 
each  Faraday  cup  as  a  function  of  maqnet  coil  current 
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emitter  materials  had  slightly  larqer  irradiated  aieas  up  to  2.0 
2  2 

cm  ;  a  larqet  emittei  of  3.2  cm  was  used  in  1976  and  at  the 
beginning  of  the  March  1977  series.  the  distance  from  the  photo- 
emitter  to  the  election  aperture  was  59  mm  so  that  the  aperture 
subtended  a  solid  angle  of  .023  stei radian  relative  to  the  photo- 
emitter.  the  geometry  of  the  phot oemit ter  and  aperture  resulted  in 
an  angular  distribution  of  election  velocities  through  the  aperture 
ranging  up  to  +14°. 

lire  energy  spread,  A  E ,  of  electrons  collected  by  each  Faraday 
cup  depended  on  the  cup  width,  aperture  width,  separation  y  arid 
mean  election  energy  £q.  The  angular  divergence  of  the  electrons 
and  the  location  of  the  Faraday  cups  (166°  or  156°  orbits) 
added  slightly  to  AE,  but  these  were  neglected  since  their  effect 
fell  within  the  experimental  accuracy  of  the  measurements.  Electron 
scatter  off  the  RF  screen  in  front  of  the  cups  could  also  degrade 
the  energy  resolution,  hut  did  not  appear  to  he  a  problem.  In  gen¬ 
eral,  usage  of  a  rectangular  aperture  and  a  rectangular  detector 
results  in  a  trapezoidal  energy  distribution  f  o  t  the  collected  elec¬ 
trons  in  a  magnetic  spectrometer.  Since  the  aperture  and  cup  wi  tit  Its 
were  all  10  mm  in  PESS,  the  energy  distribution  was  triangular  peaked 

at  E  .  However,  because  of  the  energy  dependence  on  y^,  t h  i  s 
o 

triangular  distribution  is  skewed  slightly  to  higher  energies.  Ibis 

effect  is  most  pronounced  for  the  cups  nearest  the  aperture.  lhe 

full  base  width  of  1  tie  energy  distribution  detected  by  each  cup  was 

AE/’E  =  2 /'  y  with  y  irt  cm,  while  t  tie  full  width  at  half  maximum  was 
o 

half  the  base  width. 

lhe  fraction  of  the  emitted  elections  which  were  detected  by 
the  cups  depended  on  three  factors:  angular  distribution  of  the. 

emitted  electrons,  the  solid  angle  subtended  b y  the  aperture,  and 
the  fraction  of  transmitted  electrons  collected  by  t  lie  cups.  the 


angular  distribution  of  the  primary  elections  is  discussed  in 
Section  IV  of  this  report  and  the  aperture  subtended  a  solid  angle 
of  0.023  stei radian.  With  regard  to  the  last  factor,  the  primary 
elections  were  assumed  to  be  smoothly  distributed  over  the  array 
of  Faraday  cups.  In  this  case,  a  collection  efficiency  of  45 %  was 
obtained  from  the  ratio  of  cup  width  to  cup  spacing  (0.69)  and  the 
transparency  of  the  RF  Screen  (0.66). 

B.  CALORIMETRY 

The  x-ray  flue  rice  needed  to  be  measured  on  every  shot,  since 
the  output  from  the  source  varied  greatly.  Thermopile  calorimeters 
were  used  to  measure  the  x-ray  fluences  transmitted  through  standard 
windows  onto  the  photoemitting  surfaces.  Each  unit  consisted 
of  100  gold- foil  calorimeters  connected  in  series  to  give  a  much 
larger  signal  than  obtained  with  a  single -foil  calorimeter  and 
therefore  a  better  s i qna 1  - 1 o-no i se  ratio.  A  photograph  of  one  is 
shown  in  Figure  5.  A  pair  of  thermopiles  were  sometimes  used  moun¬ 
ted  side  by  side  on  one  diagnostic  port  to  gain  increased  precision 
in  the  measurements. 

The  response  of  these  calorimeters  had  been  determined  to  have 
an  accuracy  of  +10 %.  However,  the  accuracy  of  the  fluerice  measure¬ 
ments  was  degraded  on  some  shots  by  excessive  electrical  noise  or 
variations  in  the  filter  thicknesses.  Comparison  was  also  made 
with  the  fluences  measured  by  PI  personnel  using  other  calorimeters. 

C.  X-RAY  DIODES 

Total  photoemission  yields  were  measured  using  a  7- channel 
array  of  x-ray  diodes  (XRD),  which  is  shown  in  Figure  6.  This 
unit  had  been  developed  for  other  DNA  programs  to  study  the  plasma 
radiation  from  pulsed-powet  facilities.  The  use  of  this  instrument 
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Photograph  of  7-channel  XRD  array.  From  left  to  ri 
components  are:  photocat h ode  array,  anode  screens, 
filter  holder,  mounting  ring 


durinq  the  SKYNET  experiments  had  the  three  goals  of  determining: 

1)  time  variations  in  the  x-ray  flux  with  a  resolution  better  than 
1  nanosecond,  2)  time  variations  in  the  x-ray  spectrum,  3)  total 
photoemission  yields  from  different  materials. 

D .  EXPERIMENTAL  SETUP 

The  OWL  II'  explodi ng-wi re  facility  at  Physics  International 
Company  (PI)  had  a  horizontal  axis  with  a  cylindrical  vacuum  cham¬ 
ber.  A  large  number  of  diagnostic  ports  on  the  ci rcumf erence  of  the 
chamber  allowed  observation  of  the  radially-emitted  plasma  radia¬ 
tion.  A  picture  of  the  facility  is  shown  in  Figure  7.  Tests  per¬ 
formed  by  PI  early  in  the  SKYNET  SGEMP  program  showed  that  the  x-ray 
flux  was  the  same  at  all  diagnostic  ports.  Distances  from  the 
source  axis  to  the  various  detectors  were  measured. 

The  diagnostic  ports  were  provided  with  special  fixtures  having 
thin  sealed  x-ray  windows  to  isolate  the  diagnostic  instrumentation 
from  the  plasma  environment.  A  separate  vacuum  system  was  used  to 
pump  out  all  the  diagnostic  instruments.  Because  of  the  long  pump¬ 
out  lines  to  the  individual  ports  and  the  short  pumping  times  ( 1 6- 
20  minutes),  the  pressure  in  the  instrumentation  was  typically  10  ^ 
tolO^Torr. 

The  x  radiation  was  normally  filtered  by  two  layers  of  alumin¬ 
ized  Kapton,  one  of  which  was  the  sealed  window.  During  any  given 
series  of  experiments,  the  same  thickness  of  Kapton  was  used  o'  all 
ports.  However,  the  Kapton  obtained  for  each  series  had  subst ant  lal 
variations  in  thickness, ranging  from  6.9  to  9.6  m  (1.00-1.36  m q  r in  i  . 
This  variation  in  thickness  caused  less  chanqe  in  transmitted  x-rav 
hardness  than  the  shot-to-shot  variations.  In  addition  to  the  two 
layers  of  Kapton,  the  x-rays  were  sometimes  attenuated  using  fine- 
mesh  stainless-steel  screen  to  avoid  space-charge  effects.  A  few 
measurements  were  also  made  using  extra  layers  of  Kapton  or  Mylar 
to  harden  the  spectrum. 
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SIGNAL  RECORDING 


1 •  Signal  Cables 

Electrical  signals  from  the  eight  Faraday  cups  in  the  PESS 
the  phot oemi t ter ,  seven  XRDs  and  two  calorimeters  were  transmitted 
on  coaxial  cables  to  the  PI  OWL  II  screen  room.  Because  of  the 
large  size  and  design  of  this  particular  screen  room,  some  of  the 
electrical  noise  generated  by  pulsing  of  the  OWL  II  facility  pene¬ 
trated  the  recording  room  and  was  often  observed  on  low-level 
signals.  The  magnitude  of  this  electrical  noise  varied  widely  on 
different  test  series. 

The  coaxial  cables  used  for  these  measurements  were  RG-223  and 
RG-214,  both  of  which  have  double  braided  shields.  It  was  antici¬ 
pated  that  several  of  the  PESS  signals  would  be  very  low  in  ampli¬ 
tude  even  after  the  30-times  amplification.  Therefore,  the  eight 
amplifiers  and  the  associated  bundle  of  cables  were  enclosed  in  an 
aluminum  can  and  a  large  braided-wire  conduit  connected  to  the 
screen  room.  Many  of  the  other  coaxial  cables  were  also  enclosed 
in  braided-wire  shields  to  ensure  minimal  noise  pickups. 

The  length  of  the  RG-223  cables  was  45  feet  (13.7  meters)  so 
that  the  attenuation  was  2.2  db  at  IDO  MHz  increasing  to  4.7  db  at 
400  MHz.  The  15.2  meter  RG-214  cables  had  RG-223  extensions  in 
the  screen  room,  but  the  overall  attenuation  was  still  substantially 
lower  than  the  above  values. 

2.  Recording  Instrumentation 

The  electrical  signals  were  recorded  using  Tektronix  oscil¬ 
loscopes  equipped  with  cameras  and  Polaroid  film.  During  the 
several  series  of  experiments,  various  oscilloscope  models  werp 
used.  The  fastest  recording  was  on  some  DNA-provided  7903  units 
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which  had  a  bandwidth  of  50D  MHz.  Othoi  models  used  were  R7704, 
485,  475,  465  and  454A.  These  un i t s  had  bandwidths  of  100  to  300 
MHz.  Under  favorable  conditions,  signals  were  recorded  with  time 
resolutions  under  3  nanoseconds  and  a  noise  level  under  1  mV. 

At  other  times,  when  the  ambient  electrical  noise  was  high,  band¬ 
width  limitation  was  used  that  slightly  integrated  the*  signals. 

On  the  last  series  of  experiments,  a  computer-based  I'AMAC 
system  was  added  for  additional  recording  capability.  Ibis  sys¬ 
tem,  developed  for  use  on  DNA  programs,  electronically  recorded 
t he  integrals  of  the  transient  signals  and  processed  the  data. 

A  picture  of  the  CAMAC  equipment  is  shown  in  Figure  8.  In  addi¬ 
tion,  the  calorimeter  signals  were  recorded  and  processed.  Since 
the  number  of  oscilloscopes  was  limited,  this  CAMAC  system  permit¬ 
ted  the  simultaneous  recording  of  all  the  signals.  Ihe  Pt'SS  and 
XRD  signals  were  recorded  simultaneously  as  much  as  possible  using 
"power  tees"  on  the  signal  lines. 


III.  SKYNEI  EXPERIMENTS 


A.  X-RAY  SOURCE 

The  i e suits  given  in  this  lepoit  were  obtained  during  four 
SKYNET  series  of  experiments  on  the  PI  OWL  II'  x-ray  source,  in 
Match-April  1977,  August  1977,  November  1977  and  February  -  March 
1979.  During  these  operations,  a  useful  shot  was  one  giving  an 
acceptable  radiation  output  plus  a  properly-timed  trigger  pulse. 

For  the  four  series,  the  range  of  listed  shot  numbers  and  number 
of  useful  shots  were:  No.  3602-3679  (64),  No.  3903-3966  (36), 

No.  4148-4188  (29),  and  No.  4759-4811  (29).  Some  of  these  useful 
shots  provided  only  limited  information  because  of  various  problems, 
such  as  excessive  noise  on  sigrtals  or  improper  vacuum  in  diagnostic 
instrumentation.  For  completeness,  results  for  a  silver  emitter, 
obtained  during  a  SKYNEI  test  series  in  1976,  ate  also  included. 

Some  of  the  early  results  and  analysis  were  published.'’ 

The  x-ray  source  in  the  PI  OWL  II'  facility  was  formed  from 
magnesium-alloy  aluminum  wires  and  the  output  spectrum  had  been 
measured  by  PI  personnel  during  some  early  series  of  experiments. 
This  spectrum  consisted  of  the  following  components:  He-like  A1 
lines  from  1.6  to  2.0  keV,  H-like  Al  lines  from  1.7  to  2.3  keV, 
He-like  recombination  continuum  above  2.0  keV,  H-like  recombination 
continuum  above  2.3  keV  and  magnesium  lines  from  1.3  to  1.9  keV. 
Undoubtedly,  there  was  also  some  hard  bt emsst t ah  1 unq  radiation 
extending  up  to  over  100  keV.  lhe  predominant  lines  were  the 
He-like  and  H-like  Al  lines  at  1.60  and  1.72  keV,  respectively. 

About  half  of  the  recombination  radiation  was  in  the  2. 0-2. 3  keV 
range  although  this  continuum  extended  out  beyond  4  keV.  The 
radiation  spectrum  transmitted  through  the  standard  wirtdows  nor¬ 
mally  corresponded  to  an  effective  energy  of  about  1.8  keV  and 
could  be  modeled  by  assuming  40^  at  1.65  keV,  50‘o  at  2.0  keV  and 
10fS  at  2.5  keV. 
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The  x-ray  spectrum  generated  by  the  source  was  fairly  repro¬ 
ducible;  the  largest  variations  were  in  the  higher-energy  continuum 
above  2  keV  which  ranged  from  25  to  35%  of  the  total.  On  the 
other  hand,  the  variation  in  thickness  of  the  Kapton  filters  used 
on  different  test  series  resulted  in  significantly  different 
x-ray  transmission  at  the  lowest  x-ray  energies.  The  x-ray 
fluence  and  time  history  did  exhibit  large  variations  over  the 
course  of  the  experiments;  the  fluence  varied  by  up  to  an  order  of 
magnitude  and  the  pulse  width  varied  by  over  a  factor  of  three. 

B.  PHDTOEMI TTE R  MATERIALS 

During  the  several  test  series,  a  large  number  of  different 
emitter  materials  were  mounted  in  the  PESS  for  measurements  of 
photoelectron  energy  spectra  and  yields.  All  the  materials  were 
deemed  relevant  to  understanding  SGEMP  responses.  Several  of 
these  materials  were  supplied  by  Mission  Research  Corporation  (MRC^ 
as  samples  of  what  was  mounted  on  models  used  in  the  SKYNET  SGEMP 
experiments;  these  included  gold,  silver,  anodized  aluminum,  thick 
Kapton,  thick  Teflon,  white  thermal  paint  and  solar  cell  covers. 

The  other  samples  were  selected  as  representative  materials  used 
in  the  tests. 

The  samples  were  attached  onto  the  bpveled  surface  of  the 
photoemitter  mounting  using  either  small  pieces  of  tape  on  the 
back  side  or  vacuum  grease;  the  method  depended  on  the  thickness, 
size  and  flexibility  of  the  materials.  Outgassing  of  the  tape 
was  deemed  to  be  inconsequential  compared  to  that  from  other 
components  in  the  vacuum  system. 

Two  or  more  samples  of  some  materials  were  studied  to  deter¬ 
mine  reproducibility  of  the  results.  Cleanliness  of  the  irradiated 
surfaces  was  preserved  as  much  as  possible.  It  was  found  that  the 
primary  yield  was  not  sensitive  to  surface  condition  provided  any 
contamination  from  handling  was  wiped  off.  The  following  materials 
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were  studied: 


1.  Aluminum  foil  (Al).  Standard  (18  m)  and  heavy-duty 
(25  m)  Reynolds  wrap. 

2.  Gold  (Au).  Two  types  of  samples  were  used;  one  was 
gold-coated  copper-clad  PC  board  from  MRC  with  the 
irradiated  surface  electrically  connected  to  the 
mounting  and  the  other  sample  was  gold-coated  copper 
foil. 

3.  Silver  (Ag).  A  coating  on  PC  board  obtained  from  MRC. 

4.  Aluminum  oxide  (A^Oj).  Anodized  aluminum  sheet 
obtained  from  MRC. 

5  .  Coppe  r  foil  ( Cu )  . 

6.  Carbon  (C).  Two  types  of  samples,  graphite  sheet 
and  Adrodag. 

7.  Glass  (SiO^).  A  piece  of  a  microscope  slide  1  mm 
thick  and  a  piece  of  microscope  slide  cover  0.2  mm 
thick  were  used.  These  glasses  are  assumed  to  have 
some  small  but  significant  percentages  of  sodium, 
potassium  and/or  calcium  in  their  compositions. 

8.  Mylar  (C.nH  0  ).  Thickness  of  7  m  with  the 

backside  in  good  electrical  contract  to  the  mounting. 

.  \ 

9.  Kapton  (  C  ^  2^  \  2^*  5  '  T  wo  sample  types  with 

thicknesses  of  8  m  and  125  m.  Backsides  of  all 
samples  were  aluminized.  Since  the  thin  Kapton  was 
obtained  from  rolls,  there  may  have  been  some  slight 
amount  of  aluminum  on  the  front  face.  The  thick  sample 
was  from  MRC. 

10.  Teflon  (CF^).  This  sample  from  MRC  was  125  m  thick 
and  the  backside  was  coated  with  silver. 

11.  White  Thermal  Paint.  Painted  on  aluminum  foil  from  can 
provided  by  MRC,  it  contained  an  unknown  amount  of  lead 

12.  Solar  Cell  Cover  ( MgF  ^ )  .  this  photoemitter,  obtained 
from  MRC,  was  0.3-mm-thick  quartz  (SiO^)  with  an  ant i - 
reflection  coating  of  MgF^. 
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Samples  of  aluminum  foil  weir  studied  on  eveiy  test  series  to  check 
the  reproducibility  of  the  PESS.  The  composition  of  some  materials, 
notably  dielectrics,  were  not  well  known.  For  instance,  the  glass 
mi ci osocpe  slides  surely  had  some  soda,  lime  or  potash  added  to  the 
silica.  Polymers,  such  as  Mylar  and  Kapt on  H,  often  have  proprietary 
plasticizers  added  to  the  composition.  Of  course,  the  aluminum  foil 
had  the  normal  oxide  layer  with  a  thickness  of  3-5  nanometers.  In 
addition,  all  surfaces  probably  had  a  very  thin  layer  of  hydro¬ 
carbon  contamination  from  the  vacuum  system. 

All  of  these  photoemitter  materials  were  mounted  on  a  beveled 
PESS  mount  with  the  surface  normal  pointed  toward  the  electron 
aperture.  In  addition,  a  set  of  data  was  obtained  with  a  gold 
emitter  rotated  about  its  support  axis  hy  angles  of  6D°,  90°  and 
180°.  Data  was  also  taken  with  an  aluminum  foil  on  a  hemicylin- 
drical  form  19  mm  lonq  with  a  radius  of  5  mm. 

Several  of  the  above  materials  were  used  as  photocathodes  on 
the  XRDs.  these  were  aluminum  foil,  D.2-mm  glass,  6-)im  Mylar,  both 
thicknesses  of  Kapt on  (7  and  125  pm),  125- pm  teflon,  white  thermal 
paint  and  the  0.3  mm  solar  cell  cover  with  its  MgF^  coating.  In 
addition,  graphite  was  used  in  the  form  of  Aetodaq  and  t  tie  brass 
mount ing  itself  was  used. 

C.  H ROUNDED  PH010EMI11ER  RE  SUL  1 S 

the  energy  spectra  of  emitted  primary  elections  were  deter¬ 
mined  from  the  measurements  using  a  grounded  photoemitter  (no 
applied  bias)  in  the  PESS.  Data  were  obtained  on  several  shots 
for  a  given  photoemitter  material.  During  these  shots,  I h  e  mag¬ 
net-coil  current,  i  ,  was  often  set  at  different  values  to  vary 
the  energies  of  electrons  detected  by  each  Faraday  cup.  1  hi  s 
permitted  coverage  of  a  broader  range  of  election  energies  from 
11.1  to  5  keV,  provided  a  smoother  spectrum,  and  verified  that  all 
detector  channels  had  the  correct  responses. 
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Three-  representative  sets  of  signal  t  i  aces  are  shown  in 
Figure  9-11  foi  phot oemi t t e t s  of  gold  and  aluminum;  the  collected 

electrons  produced  negative  signals.  lhe  noise  levels  ot  1-4  mV 

l 

on  these  signals  is  typical  of  half  the  usable  shot  data.  Dn  the 
shot  s'  using  a  gold  emitter,  as  in  Figure  9,  the  time  histories  of 
the  signals  were  the  same  in  the  tl. 6-2. 4  keV  range  and  exhibited 
only  a  slight  change  in  the  relative  peak  amplitudes  at  higher 
electron  energies.  At  lower  election  energies  below  0.6  keV, 
theie  was  a  significant  smoothing  in  the  structure  of  the  time- 
varying  signals.  Similar  uniformity  in  the  time  histoiy  across 
the  electron  energy  spectrum  was  observed  for  most  of  the  other 
phot oemi t t et  materials.  lhe  largest  time  variations  in  the  elec¬ 
tron  energy  spectra  were  observed  using  an  aluminum  p ho t oem r t t e r , 
as  shown  in  Figures  10  and  11.  On  each  of  many  such  shots,  the 
electrons  above  1.4  keV  had  a  significantly  different  time  his¬ 
tory  from  that  of  electrons  in  the  0.7-1. 4  keV  range.  A  similar 

result  was  observed  in  the  emission  f  i  oin  glass - elections  collected 

on  the  channel  centered  at  1.02  keV  had  a  smoother  time  history 
than  the  electrons  observed  on  the  lower -energy  channels. 

lhe-  PFSS  data  from  each  shot  were  used  to  deiive  a  photoelec¬ 
tron  energy  spectrum  in  the  following  fashion.  From  measurements  on 
the  oscilloscope  traces,  values  for  the  peak  current,  I  ,  and 
effective  pulse  width,  t,  of  each  Faraday  cup  signal  were  obtained. 
The  accuracy  of  determining  effect  ive  pulse  widths  was  checked  by 
digitizing  a  few  traces.  In  general,  the  pulse  widths  of  nil 
signals  for  a  given  shot  were  nearly  the  same;  variations  were  ot 
the  types  shown  in  Figures  9-11.  The  charge  collected  by  each 
cup  was  then  g  =  I  ^  t  w  i  t  h  an  accuracy  of  +  6no.  Values  foi  l  he 
collected  charges  were  also  obtained  during  the  last  test  series 
f  i  om  the  integrated  signals  measured  on  the  TAMAF  system.  X  K 17 
signals  were  handled  in  the  same  way. 
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1o  obtain  an  enerqy  sped i um  from  the  charges  collected  h> 
the  ai i a>  of  Faiaday  cups,  each  value  of  q  was  divided  by  the 
co r i e spend i nq  value  of  AE  and  by  the  calorimeter  siqnal,  W,  for 
that  shot.  When  applicable,  the  value  of  W  was  really  1W  where  1 
was  t  fie  transmission  of  the  added  screen.  Several  sets  of  result  inq 
ene i q y  spectral  data  ate  q i v  en  in  F i qu  t  es  12  to  17  with  the  spec  t  i a  1 
intensity,  q/'WAE,  plotted  as  a  function  of  the  electron  enerqy  E  . 
All  these  data  were  multiplied  hy  a  common,  arbitrary  scale  f act oi 
for  convenience  in  comparinq  the  relative  spectral  yields.  Ihe 
enerqy  scale  is  that  qiven  in  Section  II. A. 4.  Small  adjustments 
in  the  enerqy  scale,  to  account  for  the  actual  electron  trajectories 
ate  included  in  Section  I V . A . 2 ,  when  values  for  the  absolute  spec¬ 
tral  yields  ate  derived.  Most  of  the  individual  data  points  in 
these  figures  ate  identified  hy  shot  number.  All  of  the  data  were 
initially  plotted  in  this  form  to  determine  if  there  were  consis¬ 
tent  displacements  between  sets  of  data.  It  must  be  emphasized 
that  valid  data  for  some  materials  were  obtained  on  only  one  or 
two  shots.  In  those  cases,  there  was  less  reliability  in  the  nor¬ 
malizations.  Scatter  and  variations  in  the  spectral  data  arose 
f i om  several  sources:  inaccuracies  in  measuring  the  siqnal  inten¬ 
sities  and  pulse  widths,  inaccuracies  in  the  x-ray  fluence,  changes 
in  x-ray  spectrum  from  shot  to  shot,  an  occasional  incorrect  set¬ 
ting  of  the  maqrret  i  e-coi  1  current,  iQ,  and  contamination  of  the 
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photoemitter  surfaces.  For  clarity  in  these  fiqures,  the  sizes  of 
most  symbols  are  latqer  than  the  uncertainties  in  measuring  the 
collected  chatqes.  Ihe  largest  errors  were  in  measuring  the  small 
signals  at  the  low  and  hiqh  electron  entrqies. 

The  data  from  a  qiven  set  of  shots  qeneially  exhibited  good 
consistency,  such  as  those  shown  in  Fiqures  12  and  1  r> .  On  I  he 
other  hand,  data  from  different  test  series  sometimes  exhibited 
significant  differences  as  shown  in  Fiqures  13  and  14.  In  parti¬ 
cular,  the  aluminum-photoemission  data  from  the  three  t est  series 
in  1977  showed  qood  agreement,  but  the  February  1979  data  were 
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Figure  12  Photoelectron  spectral  data  from  aluminum  mounter)  o 
hemi cy 1 i nde r .  Data  normalized  to  incident  x-ray 
fluence  with  arbitrary  scale  factor 
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F'iqure  13  Normalized  photoelectron  spectral  data  from  flat 
aluminum  emitter.  Data  from  four  test  series 
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Figure  15  Normalized  photoelectron  spectral  data  from  copper 
and  graphite 
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Figure  16  Normalized  photoelectron  spectral  data  from  white 
thermal  paint  and  solar-cell  cover  glass 


ELECTRON  ENERGY,  Ee  (keV) 


Fiqure  17  Normalized  photoelectron  spectral  data  from  Mylar, 
Teflon  and  two  thicknesses  of  Kapton 


quite  different.  Similarly,  the  November  1977  data  for  q old  dif¬ 
fered  substantially  from  the  Match  1977  results.  Several  possible 
explanations  for  these  changes  were  considered  including  alteration 
of  Faraday  cup  orientation,  incorrect  values  of  magnetic  field, 
contamination  of  photoemitter  surface  and  changes  in  irradiation 
spectrum.  However,  no  one  single  phenomenon  could  account  for  all 
the  observations. 


Photoemission  spectral  yields  fiom  gold  were  also  measured 
with  the  emitter  mounting  rotated  about  its  axis  and  these  results 
ate  shown  in  Figure  14.  With  the  emitter  at  60°,  the  siqnals 
were  about  half  as  large  consistent  with  a  cos  Q  angular  distri¬ 
bution.  Ihe  small  siqnals  observed  with  the  emitter  rotated  to 
9D°  arose  from  the  finite  size  of  the  aperture  so  there  was  not 
an  exact  90°  emission  angle.  Ihe  rotation  angle  of  the  emitter 
was  not  exact  as  evidenced  by  the  discrepancy  between  the  two  set's 
of  data  obtained  with  the  emitter  rotated  in  opposite  directions. 

In  addition,  space-charge  effects  probably  caused  the  electrons  to 
diverge  slightly.  At  180°  the  very  small  signals  aie  attributed 
to  photoemission  off  the  edges  of  the  emitter. 

Photo emission  from  the  insulating  materials  exhibited  almost 
the  same  reproducibility  in  the  data  as  the  conductors.  Ihe  pri¬ 
mary-electron  energy  spectra  emitted  from  the  thin  samples  of  Mylar 
and  Kapton  were  nearly  the  same,  as  shown  in  Figure  17.  Dn  the 
other  hand,  there  was  substantially  more  photoemission  f i om  the 
thick  Kapton  at  energies  below  1  keV  than  observed  from  samples 
of  thin  Kapton.  In  fact,  the  spectral  yield  from  the  1  2 5 -p m- 1 h r ok 
Kapton  was  very  similar  to  that  of  the  thick  let  Ion.  No  explana¬ 
tion  was  found  foi  the  anomalous  photo emission  from  this  thick 
Kapt  on . 
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Photoemission  f 1 om  anodized  aluminum  was  similar  to  that 
from  aluminum  with  a  reduced  spectral  yield  around  the  peak. 

Ihe  primary-electron  emission  from  the  thick  and  thin  sheets  of 
glass  appeared  to  have  the  same  energy  spectrum  but  the  yield 
from  the  thick  glass  was  about  4D!o  lower. 

D.  BIASED  PHO 1  OEM  I  1 1 E  R  RE  SDL  1 S 

An  additional  goal  was  to  determine  the  yield  of  secondary 
electrons  from  the  various  emitters.  lo  detect  these  low-energy 
electrons,  the  emitter  was  biased  negatively  with  respect  to  the 
chamber  so  the  low-energy  electrons  were  accelerated  to  higher 
energies  and  then  were  resolved  by  the  magnetic  field.  These 
biased-emitter  measurements  also  served  as  an  ex  erimental  energy 
calibration  of  the  system. 

When  the  x  radiation  was  filtered  by  only  the  normal  two 
layers  of  Kapton,  the  emission  of  secondary  electrons  from  the 
biased  emitter  was  space-charge  limited  (s.c.l.).  Therefore, 
the  majority  of  the  data  was  obtained  using  one  or  two  layers 
of  stainless-steel  screen,  with  a  transparency  of  D.36,  to  atten¬ 
uate  the  incident  x-ray  flux.  Applied  bias  potentials  ranged 
from  -3  20  to  -1440  volts  and  the  magnetic  field  was  adjusted  so 
that  the  secondary  electrons  were  collected  by  the  second,  third 
or  fourth  cup  from  the  aperture.  A  couple  of  me asu r ement s  were 
also  made  with  the  emitter  biased  positive  to  determine  its  effect 
on  the  primary  emission. 

Representative  sets  of  signal  traces  ate  shown  in  Figure  18- 
21;  the  x-ray  outputs  were  similai  on  all  these  shots.  Ihe  first 
two  sets  for  flat  gold  arid  aluminum  emitters,  Figures  18  and  19, 
were  obtained  with  no  x-ray  attenuating  screen  and  the  secondary- 
electron  signals  on  cup  C  exhibited  extreme  space-charge  limita¬ 
tion.  Ihis  is  reflected  by  the  signals  going  to  zero  just  when 
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the  primary  electron  emission  peaks.  When  the  emitter  was  aluminum 
on  a  he mi  cylindrical  mounting,  the  secondary-electron  signals  were 
moderately  space -charge  limited  with  no  attenuating  screen  (Figure 
2D)  and  exhibited  no  limiting  with  one  screen  (Figure  21). 

The  biased-emitter  signals  had  some  important  features.  First 
of  all,  some  electrons  were  detected  iri  the  cup  corresponding  to  a 
lower  energy  than  the  one  collecting  the  secondary  elections. 

These  elections  were  assumed  to  be  accelerated  secondaries  that 
were  scattered  off  a  grounded  surface  that  could  be  viewed  by  a 
small  part  of  the  aperture.  For  moderate  space-charge  limiting  of 
the  secondaries,  as  at  0.65  keV  in  Figure  20,  the  elections  detec¬ 
ted  in  the  lower-energy  cup  (0.40  keV)  had  the  same  time  histoiy 
as  the  primaries.  In  the  results  shown  i n  Figure  21,  the  Lime 
history  of  the  secondaries  at  0.65  keV  was  the  same  as  the  accel¬ 
erated  primaries  at  1.38  and  1.82  keV.  However,  the  higher-energy 
elections  detected  at  2.37  keV  had  a  different  time  histoiy  and 
the  electrons  at  0.97  keV  also  followed  this  temporal  histoiy. 

Such  photoemission  from  aluminum  correlates  with  other  observa¬ 
tions  such  as  shown  in  Figures  10  and  II. 

Pi imar  y-e lection  energy  spectra  were  derived  from  these  data 
in  the  same  way  as  for  the  grounded  photo emitters.  1 h a t  is,  the 
charges  collected  by  the  hi qher -enei gy  cups  were  divided  by  the 
appropriate  values  of  E  and  by  the  product,  1W,  of  screen  trans¬ 
mission  and  calorimeter  signal.  These  values  were  plotted  against 
the  sum  E  +  V  for  comparison  of  the  energy  spectra  with  the 
unbiased  results.  Sets  of  spectral  data  obtained  from  a  biased 
flat  gold  emitter  are  shown  in  Figure  22. 

These  spectral  results  are  representative  of  what  was  observed 
from  biased  emitters  that  were  conductors  on  thin  insulators.  Torn- 
pared  to  the  gr  on  tided  -emi  t  t  ei  results,  the  spectral  values  with 
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PHOTOEMITTER 


CUP  E 


Eg  +  VA  =  0.73  keV 


CUP  C 


267  pA 
div 


i  ^  _ t 

CUP  G 


CUP  H 


CUP  F  E  +  V.  =  1.17  keV 


E_  +  VA  =  1.72  keV 


TIME  -  CUPS  C,  E,  G  :  20nsec/div 
OTHERS  :  50nsec/div 

Figure  21  Photoelectron  signals  from  cylindrical  aluminum 

biased  at  -650  volt  with  x-ray  intensity  40%  of  that 
in  Figure  20;  Shot  No.  4156  with  In  -  2.3A 


ELECTRON  EMISSION  ENERGY,  Ee  (keV) 


Figure  22  Normalized  phot oelect ran  spectral  data  from  gold 

biased  at  different  potentials.  Energy  scale  Ep  is 
emission  energy  with  applied  voltage  subtracted  from 
det  ect  ed  energy 
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a  negative  bias  were  much  laiqei  at  low  election  energies  and  con¬ 
verged  to  the  unbiased  results  in  the  1.0  -  1.3  keV  range,  but  then 
diverged  sometimes  at  high  energies.  lhe  enhanced  signals  at  low- 
electron  energies  were  caused  by  a  focusing  effect  of  the  applied 
electric  field;  that  is,  the  emission  trajectories  were  deviated 
slightly  toward  the  surface  normal  so  that  more  passed  through 
the  aperture. 

lhe  photoemission  signals  from  thick  dielectrics  on  a  biased 
mounting  showed  some  anomolous  behavior.  I n  the  case  of  the  1-mm- 
thick  glass,  the  s.c.l.  emission  of  the  secondaries  differed  from 
that  of  conductors  shown  in  Figures  18  and  19.  lhe  beginning  of 
the  signals  were  the  same,  rising  during  Lhe  initial  font  of  the 
x-ray  pulse  and  dropping  to  zero  at  peak  x-ray  intensity.  Hut 
then  the  difference  arose.  lhe  seconder > -e  lect  i on  signal  from  the 
glass  remained  near  zero  for  t he  remainder  of  the  pulse  instead  of 
increasing  to  a  large  value  when  the  x-ray  intensity  was  lower. 

Such  behavior  was  caused  by  surface  charging  of  this  thick  insula¬ 
tor.  For  this  thickness  of  glass,  the  magnitude  of  the  emitted 
negative  charge  during  the  first  half  of  the  pulse  left  the  sur¬ 
face  at  least  1  (1 0 D  volts  positive  with  respect  to  the  biased 
photoemitter  mount.  Ihetefore,  there  was  no  accelerating  electric 
field. 

A  quite  different  behavior  was  observer)  in  the  photoemission 
from  the  solar-cell  cover.  lhe  secondary  electrons  were  detected 
with  an  average  energy  only  half  that  of  the  applied  potential. 
Strice  the  volume  resistivity  of  the  0.3-mm-thick  quartz  was  ex¬ 
tremely  high,  a  possible  effect  was  electrical  conductivity  through 
the  residual  gas  in  the  chamber  thereby  lowering  t  lie  surface  poten¬ 
tial  on  the  cover  qlass.  lo  check  this  hypothesis,  five  fine  wires 
were  laid  across  the  surface  of  the  cover  glass  and  attached  to  the 
biased  mounting.  Under  these  conditions,  the  average  energy  of  the 
secondary  elect  ions  was  increased  to  about  8'>°o  of  the  applied  bias 
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of  -970  V.  This  observation  is  consistent  with  the  hypothesis,  but 
it  is  difficult  to  explain  a  steady-state  current  of  sufficient 
magnitude  through  the  poor  vacuum. 

The  secondary-elect ron  yield  from  the  thick  Kapton  (125  pm) 
was  unexpectedly  very  low.  It  was  several  times  smaller  than  the 
yields  from  the  thin  sheets  of  Kapton  and  Mylar  that  were  studied. 
This  probably  resulted  from  a  different  surface  composition  but 
surface  charging  is  also  a  possibility. 

E.  TIME  RESOLUTION 

One  of  the  original  PESS  design  goals  was  a  time  resolution 
of  3  nsec.  During  the  early  test  series,  the  time  resolution 
appeared  to  be  at  least  this  as  observed  on  100-MHz  oscilloscopes 
(rise  time  of  3.5  nsec).  To  determine  the  full  capability  of  the 
instrument,  500-MHz  oscilloscopes  with  risetimes  of  0.8  nsec  were 
used  during  the  November  1977  test  series.  Some  PESS  signals  were 
recorded  simultaneously  using  500-MHz  and  100-MHz  bandwidths.  The 
higher  bandwidth  gave  only  slightly  better  time  resolution  as  evi¬ 
denced  by  slightly  deeper  valleys  between  closely-spaced  peaks  on 
the  signal  traces.  The  slower  ocilloscopes  recorded  the  signals 
with  adequate  fidelity,  because  the  risetimes  of  individual  peaks 
were  only  rarely  shorter  than  5  nsec.  In  addition,  the  coaxial 
signal  cables  had  more  attenuation  at  higher  frequencies. 

Two  sets  of  signal  traces  are  reproduced  in  Figures  23  and  24 
for  shots  taken  with  unbiased  and  biased  aluminum  on  a  cylindrical 
support.  The  signals  from  Faraday  cups  E  and  F  and  from  two  XRD 
channels  were  recorded  on  500-MHz  oscilloscopes.  Several  important 
observations  were  made  on  these  signal  traces;  signals  obtained  on 
other  shots  were  in  agreement.  First  of  all,  the  predominant  elec¬ 
tron  emission  around  1  keV  (cup  E)  had  the  same  history  as  observed 
on  the  XRD  filtered  by  the  standard  19-  m  Kapton.  This  is  evidence 
that  the  PESS  did  not  limit  the  time  resolution  of  the  photoelectron 
signals  generated  by  the  OWL  II'  x-ray  output. 
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Figure  2  b  Photoemission  signals  from  nluminum  emitter  h  1  n r. e d  it 
-971)  volts  plus  rorrpspnndi  ng  filtered  XRI)  signals 
for  Shot  Number  4IF1R.  Signals  from  XRDs  and  P(  SS  Tig 
f  and  f  recorded  at  20  nser/div  on  7 9 0  1  nsn  I  lnsrnpp< 
other  signals  recorded  at  SO  nsec/div. 


Second,  when  the  x  rays  were  sufficiently  attenuated  that 
secondary  emission  was  not  space-charge  limited,  the  secondary 
electron  emission  matched  the  emission  signal  around  1  keV.  This 
can  be  observed  by  comparing  signals  from  cups  C  and  E  for  shot 
4188  in  above  1.4  keV  had  a  significantly  different  time  history 
with  less  "spikiness"  than  the  lower-energy  electrons  (compare 
signals  from  cups  E  and  F  in  Figures  23  and  24).  This  phenomenon 
was  already  described  in  the  preceeding  sections. 

The  last  observation  was  surprisingly  inconsistent  with  the 
XRD  signals.  As  just  noted,  the  higher-energy  photoelectrons  from 
aluminum  had  peaks  greatly  reduced  in  intensity  relative  to  the 
broader  valley  between  the  peaks.  But  when  the  x  rays  were 
filtered  by  80  pm  and  160  pm  of  Mylar,  the  opposite  trend  was 
observed.  The  narrow  peaks  dominated  the  filtered  XRD  signal  with 
very  low  amplitudes  in  the  valleys  between  the  spikes.  Detailed 
analysis  of  all  experimental  methods  rules  out  the  possibility 
that  the  variations  in  observed  signals  resulted  from  the  instru¬ 
mentation.  Such  aspects  as  electron  scattering  could  not  affect 
the  signals  over  times  greater  than  a  few  nanoseconds. 

F.  XRD  RESULT5 

The  photoemission  from  a  variety  of  materials  was  studied 
during  the  1979  test  series  using  the  XRD  array.  Although  the 
integrals  of  all  signals  could  be  recorded  on  the  CAMAC  system, 
the  limited  number  of  oscilloscopes  permitted  observation  of  the 
time  histories  of  only  half  the  signals  on  each  shot.  The  empha¬ 
sis  in  this  set  of  measurements  was  on  determining  the  total  yield 
from  each  material  when  the  x  rays  were  filtered  by  the  standard 
two  layers  of  Kapton.  Therefore,  very  little  data  was  obtained 
on  the  time  variations  of  the  x-ray  signal  as  a  function  of  filter 
thickness,  as  described  in  the  preceeding  section. 
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Besides  the  Kaptori  filter  ,  the  x  radiation  was  attenuated  by 
the  anode  screen  plus  additional  screens  on  some  shots.  Anode 
screens  had  a  transmission  of  either  36?i,  90?o,  97?o  or  100?£  (no 
screen).  When  minimum  x-i  ay  attenuation  was  in  the  line  of  sight, 
the  larqest  signals  were  slightly  space  charge  limited  on  some 
shots.  But  this  had  an  insignificant  effect  on  the  integrals  of 
the  signals.  With  the  common  Kapt on  filter  ahead  of  all  the  XRDs, 
the  time  histories  of  the  emission  signals  from  different  materials 
were  essentially  the  same  on  a  given  shot. 

Data  from  different  shots  were  normalized  by  dividing  the 
emitted  charge  by  the  product  TW.  the  photoemission  signal  from 
thick  Kapt on  was  less  than  half  that  from  thin  Kapt on  just  as  was 
observed  for  the  secondary  electron  signal  in  the  PE5S. 
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IV.  ANALYSIS  OF  SKYNET  RESULTS 
A.  PRIMARY  ELECTRONS 

I,  Integrated  Yields 

The  yield  of  primary  electrons  was  determined  from  the  energy- 
resolved  data  from  each  shot  by  summing  the  charges  collected  by  the 
Faraday  cups.  This  sum  was  transformed  back  to  the  number  of  emit¬ 
ted  primaries  by  application  of  appropriate  factors  for  the  angular 
distribution  of  the  emitted  electrons,  the  solid  angle  subtended 
by  the  aperture  between  emitter  and  Faraday  cups,  and  the  cup  col¬ 
lection  efficiency.  As  already  discussed  in  Section  II. A. 4,  the 
solid  angle  was  0.023  steradians  and  the  collection  efficiency  was 
0.45. 


A  suitable  factor  for  the  angular  distribution  rests  on  the 
following  assumptions:  1)  the  yield  is  independent  of  x-ray  angle 
of  incidence,  2)  the  electron  energy  spectrum  is  independent  of 
emission  angle,  and  3)  the  number  of  electrons  emitted  per  ste- 
radian  follows  a  cos  distribution  with  respect  to  the  surface 
normal.  The  first  assumption  is  valid  at  the  low  x-ray  energies 
encountered  in  these  experiments  as  verified  by  previous  theore¬ 
tical  and  experimental  results.^  The  other  two  assumptions  are 
also  based  on  prior  theoretical  analyses  and  are  consistent  with 
results  given  in  Section  III.C. 

In  particular,  the  spectral  yield  from  aluminum  foil  on  a 
cylindrical  form  was  the  same  as  from  aluminum  on  the  flat  surface. 
This  is  consistent  with  a  cos  distribution.  It  is  conceivable 
that  space-charge  effects  could  cause  a  slight  deviation  from  the 
cos  distribution.  However,  within  the  accuracy  of  the  measure¬ 
ments,  there  was  no  correlation  between  the  derived  yield  and  the 
x-ray  intensity.  On  the  other  hand,  as  described  in  Section  III.D., 
more  primary  electrons  were  collected  by  the  Faraday  cups  when 
the  emitter  was  negatively  biased. 
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All  the  pi imai y -e leet i on  data  f i om  the  different  test  seiies 
were  int ei compared  and  analyzed  for  souices  of  uncertainty.  Ihe 
resulting  "best"  values  foi  the  yields  of  primary  elections  above 
100  eV  are  qiven  in  Table  1  along  with  values  for  the  estimated 
uncertainties.  These  uncertainty  values  include  the  +  b%  inherent 
in  the  calorimeter  responses  and  were  also  based  on  the  number  of 
data  shots,  the  quality  of  the  data,  the  reproducibility  of  the 
results,  and  consistency  between  the  results  for  different  mater¬ 
ials. 

Some  values  of  pi imary -elect i on  yields  were  also  derived 
from  measurements  of  the  photoemitter  current  when  the  emitter  was 
at  qiound  potential.  In  this  derivation,  it  was  assumed  that  the 
secondary  electrons  did  not  move  away  from  the  surface  because  of 
heavy  space  charge  limitations.  Owing  to  a  lack  of  recording  chan¬ 
nels  on  all  hut  the  last  test  series,  limited  data  were  obtained 
for  only  a  few  materials.  The  resulting  yields  are  also  listed  in 
Table  1.  There  is  remarkably  good  agreement  between  these  value's 
and  the  Faraday-cup  results  for  most  mat er i a  ls--at  worst,  the  value 
for  white  thermal  paint  differed  by  a  factor  of  1.5. 

In  Section  VII,  several  of  these  p r i m a  r  y - y i e 1 d  values  a i e 
compared  with  values  obtained  from  steady-state  measurements  using 
monochromatic  radiation. 

2 .  Spectral  Yields 

To  obtain  spectral  yields  for  the  primary  emission,  judge¬ 
mental  best-fit  curves  were  drawn  through  the  spectral  data  given 
in  Section  III.C.  Ihe  energy  scales  were  modified  slightly  to 
account  for  the  actual  election  orbits  in  the  PFSS.  These  curves 
were  then  normalized  to  the  primary  yields  given  in  the  preceedinq 
section.  Ihe  resulting  spectral  yields  are  given  in  Figures  25 
and  26.  It  must  be  noted  that  the  distributions  were  smoothed  by 
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Table  1 


Ptimaiy  election  yields,  Vp,  derived  fiom  summation 
of  faiaday-cup  curtents  and  from  net  cuiierits  off 
grounded  emitters.  Values  are  "best"  yields  from 
five  test  series.  Units  are  10^  electrons/joule. 


Faraday  Cups 


Emit  ter 


A  1  urn i num  ( A  1  ) 

2.0 

+ 

0.25 

2.2 

+ 

0.5 

A,2°3 

1.4 

+ 

0.  2 

-- 

Gold  ( A  u ) 

3.2 

+ 

0.4 

Silver  ( A  q ) 

2.1 

+ 

0.  3 

-- 

Copper  (Cu) 

1  .  A 

+ 

0.2 

1  .  5 

+ 

0.2 

Graphite  ( C ) 

0.30 

+ 

0. 0B 

0.2  8 

+ 

0.  1 

White  1  tie r  ma  1  Paint 

0.90 

+ 

0.12 

1 . 4 

+ 

0.3 

Glass  ( S i 0  ^ ) 

1  .  1 

+ 

0.3 

-- 

Solar  Cell  Cover  (MqF^) 

0.90 

+ 

0.15 

1.12 

+ 

0.  1 

Mylar  (6  pm) 

0.43 

+ 

0.07 

0.41 

+ 

0.  1 

Kap  t  on  (7  pm) 

0.  35 

+ 

0.  1 

0.6  5 

+ 

0.  1 

Kapton  (12  5  pm) 

0.90 

+ 

0.  1  B 

1.21 

+ 

0.  1 

Teflon  (  l 2  3  pm ) 

0.95 

+ 

0.  1  fi 

0.9 

+ 

0.4 
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ELECTRON  ENERGY,  Ee  (keV) 


Figure  25  Spectral  yields  of  aluminum,  aluminum  oxide,  white 

thermal  paint,  solar  cell  cover  and  graphite  irradia 
ted  by  OWL  II  aluminum-wire  spectrum.  Uncertainties 
are  discussed  in  text. 


ELECTRON  ENERGY,  Ee  (keV) 


Figure  26  Spectral  Yields  of  gold,  silver,  glass,  copper, 

Teflon/Thick  Kapton  and  Mylar/Thin  Mylar  irradiated 
by  OWL  II  aluminum-wire  spectrum.  Uncertainties 
are  discussed  in  text 


instrumental  broadening  as  well  as  by  the  x-iay  spectrum.  The  spec¬ 
tral  yields  of  most  materials  (Au,  Al  ,  Al^O-^,  C,  Ag ,  white  thermal 
paint,  thin  polymers  and  qlass)  peaked  in  the  r anqe  from  1.3  down 
to  0.9  keV.  The  yields  from  copper  and  the  solar  cell  cover  peaked 
at  lower  enerqies  of  0.7  and  0.6  keV  while  the  thick  polymers,  Tef¬ 
lon  and  125-pm  Kapton,  did  not  have  a  definite  peak. 

In  the  vicinity  of  the  peak  of  each  spectral  yield,  the  un¬ 
certainty  in  the  accuracy  was  about  the  same  as  for  the  inteqrated 
yield  qiven  in  Table  1.  At  both  lower  and  hiqher  enerqies,  the 
uncertainties  were  qt  eater .  As  an  example,  the  estimated  uncer¬ 
tainties  for  aluminum  were:  +  60 %  i  0.2  kev,  +  30 %  ®  0.5  keV,  +  10!i 
(3  1.0  keV,  _+  30?c  1  1.8  kev,  and  +  7  0S  !  2.5  kev. 

The  absorption  of  x  rays  in  a  photoemitter  qenei ales  photo¬ 
electrons  and  Auqer  elections  which  lose  vaiyinq  fractions  of  their 
enerqies  before  emission  from  the  surface.  The  initial  enerqy  of 
a  photoelectron  is  equal  to  the  difference  between  the  photon  enerqy 
E^,  and  the  appropriate  atomic  bindinq  enerqy  (absorption  edqe), 

E^  ^  M  ^ .  Auqer  electrons  have  enerqies  characteristics  of  the 
material.  Table  2  is  a  listinq  of  the  important  photoemitter  ele¬ 
ments  and  the  co r r e spon d l nq  energies  of  the  relevant  absorption 
edqes,  principal  Auqer  electrons  and  pho t oe 1 e c t i on s  qeneiated  by 
1.65  and  2.25-keV  x  rays. 

The  principal  Auqer -election  energies  ate  indicated  in  Figures 
25  and  26  and  there  is  a  good  correlation  between  the  location  of 
these  energies  and  the  shapes  of  the  spectral  yields.  In  particular 
the  Auqer  enerqies  for  Al,  Cu  and  F  lie  just  above  the  peaks  in  the 
spectra  from  aluminum,  copper  and  the  solar-cell  cover  (MqF2  coated; 
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Table  2.  Eneiqies  of  absorption  edges,  Auger  elections  and 
photoelections  for  excitation  by  1.65  and  2.25  keV 
X  rays.  All  energies  in  keV. 


Photoelectrons  at 


E lement/Z 


Absorption 

Edge 


Auger 


3. 


lime  Resolved  Spect i a 


In  the  proceeding  section,  only  time-integrated  election 
erteiqy  spectra  were  derived  because  the  integrated  x-ray  spect  i  um 
was  fairly  reproducible  while  the  time  history  of  the  x-ray  flux 
changed  substantially  from  shot  to  shot.  Therefore,  t  i me - r eso 1 v ed 
spectra  would  have  to  be  treated  separately  for  each  shot.  In 
addition,  the  electron  enerqy  spectra  exhibited  only  small  temporal 
variations.  Ihe  notable  exception  was  emission  from  aluminum  plus 
a  similar  observation  for  qlass. 

As  described  in  Section  III.C  and  shown  in  Figures  10,  11,  23 

and  24,  the  pho t oem i s  i  s on  from  aluminum  had  significantly  different 
time  histories  at  different  election  energies.  The  preponderant 
election  emission  collected  on  cups  cover inq  the  0.3  -  1.4  keV  range 
had  a  common  time  history  with  a  dominant  peak  early  in  time  followed 
by  lesser  peaks.  On  the  other  hand,  higher -enei qy  electrons  from 
1.4  to  over  2.3  keV  had  a  smoother  time  variation,  peaking  later  in 
time.  This  hardening  of  the  electron  energy  spectrum  was  observed 
to  a  much  lesser  deqree  in  the  emission  from  gold,  see  Figure  9. 
Another  important  observation  to  be  considered  was  the  extreme 
spikiness  in  the  XRD  siqnal  when  the  x  rays  were  filtered  by  160  ym 
of  Mylar,  as  shown  in  Figures  23  anckx24.  This  thickness  of  Mylar 
had  a  cut-off  transmission  of  1%  at  2.6  keV. 

Most  of  the  x-ray  fluence  was  at  energies  just  above  the 
aluminum  K  edge  at  1.56  keV.  Let  us  consider  x-ray  energies  of 
1.65  to  2.25  keV  and  refer  to  Table  2.  Since  the  x-ray  absorption 
jump  ratio  at  the  A1  K  edge  is  11,  ten  Auqer  elections  are  gene¬ 
rated  with  energies  of  1.39  keV  for  every  electron  generated  f i om 
the  L-shell  with  an  energy  of  1.6  to  2.2  keV.  In  addition  there 
will  be  ten  K-shell  photoelectrons  with  energies  under  0.7  keV. 

All  these  energies  are  upper  limits  since  the  elections  lose  energy 
in  the  material  before  being  emitted  at  the  surface.  The  oiigin 
of  electrons  detected  in  the  PFSS  with  energies  greater  than  1.4 


keV  can  be  L-shell  photoelectrons  or  K-shell  photoelectrons  qerie- 
rated  by  x  rays  above  3  keV.  The  lattei  possibility  is  ruled  out 
by  the  XRD  observations.  In  addition,  a  t i me - va r y i ng  x-ray  spec¬ 
trum  must  be  consistent  with  the  gold  photoemission  signals. 

The  x-ray  spectrum  consisted  of  several  components  as  des¬ 
cribed  in  Section  III. A.  Therefore  the  signals  observed  at 
different  electron  energies  were  a  superposition  of  photoemission 
generated  by  different  x-ray  spectral  fluxes.  The  time-varying 
electron  spectrum  can  be  explained  by  assuming  that  the  He-like 
and  H-like  plasma  emit  radiation  with  different  time  histories; 
inherent  in  this  assumption  is  that  the  line  radiation  and  con¬ 
tinuum  from  a  given  plasma  state  have  the  same  time  variations. 
Temporal  behaviors,  that  can  explain  all  the  observations,  are  a 
smooth  broad  pulse  for  the  radiation  from  the  He-like  plasma  and 
sharp  spikes  for  the  x-ray  emission  from  the  H-like  plasma. 

The  assumed  x-ray  spectra,  photoelectron  spectra  and  time  his¬ 
tories  of  the  two  plasma  states  on  a  representative  shot  are 
shown  in  Fiqure  27.  Under  this  assumption,  the  He-like  recombin¬ 
ation  radiation  interacted  with  A1  L-shell  electrons  and  generated 
the  electron  emission  above  1.4  keV,  while  H-like  line  radiation 
excited  the  emission  peaks  superimposed  on  the  signals  below  1.4 
keV.  The  H-like  continuum  produced  very  little  photoemission 
from  aluminum,  but  substantial  amounts  from  the  gold  because  of 
its  larger  absorption  cross  section  above  2.2  keV. 


B.  SECONDARY  ELECTRONS 

1 .  Method 

Since  secondary  electrons  have  very  low  energies  (mostly 
0-10  eV),  only  their  yields  were  determined  with  no  attempt  at 
energy  resolution.  Values  for  secondary-elect  ron  yields  could 
be  derived  from  three  different  measurements:  1)  total  emission 
from  biased  XRD  cathodes,  2)  total  emission  from  the  biased  PESS 
emitters,  and  3)  collection  of  accelerated  secondaries  by  a  Faraday 
cup.  The  first  two  measurements  were  used  in  a  straight-forward 
manner  to  obtain  secondary-elect  rons  by  subtracting  the  primary- 
electron  yields  in  Section  IV. A. 1  from  the  total  electron  yields. 

It  turned  out  that  the  secondary-electron  yields  extracted 
from  the  third  measurement  had  a  large  uncertainty  because  only  a 
fraction  of  the  emitted  electrons  were  collected.  In  the  analysis 
of  primary-elect ron  yields,  the  electrons  were  assumed  to  have  a 
cosine  angular  distribution  when  emitted  from  a  grounded  emitter. 
However,  an  applied  bias  potential  altered  the  trajectories  of 
lower-energy  electrons.  In  particular,  for  the  case  of  a  flat 
emitter,  the  electric  field  tended  to  bend  the  electron  trajec¬ 
tories  toward  the  surface  normal  so  that  more  electrons  passsed 
through  the  aperture.  As  discussed  in  Section  III.D,  there  was  a 
definite  enhancement  in  the  number  of  low-energy  primary  electrons 
detected  from  a  biased  emitter.  This  field-focusing  effect  was 
partially  counteracted  by  space-charge  fields  that  caused  the 
electrons  to  diverge.  It  was  already  mentioned  that  there  was 
space-charge  limiting  of  the  secondary  emission  current,  if  the  x 
radiation  was  not  attenuated. 
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The  combined  effects  of  applied  electric  field  and  the  large 
space-charge  fields  were  very  complicated  and  difficult  to  analyze 
for  the  actual  PESS  geometry.  Therefore,  a  sophisticated  computa¬ 
tional  analysis  was  undertaken  by  Systems,  Science  and  Software 
as  a  subcontract  to  the  overall  program.  The  goals  and  results  of 
these  calculations  are  given  in  Section  VII. 

In  spite  of  the  uncertainty  in  the  fraction  of  emitted  secon¬ 
dary  electrons  collected  by  the  Faraday  cups,  this  type  of  measure¬ 
ment  did  provide  supplementary  information.  These  results  provided 
relative  values  of  secondary-electron  yields  from  different  mater¬ 
ials.  The  spectral-yield  data  obtained  with  the  emitter  biased, 
such  as  shown  in  Figure  22,  showed  that  the  magnitude  of  low-energy 
enhancement  depended  slightly  on  the  value  of  the  applied  poten¬ 
tial.  For  the  bias  potentials  of  -600  to  -1000  volts  used  for  most 
measurements,  the  detected  number  of  low-energy  primary  electrons 
was  about  twice  that  observed  from  a  grounded  emitter  at  lower 
fluxes . 

There  was  a  limited  amount  of  data  in  which  the  total  emis¬ 
sion  from  the  biased  emitter  could  be  compared  with  the  collected- 
secondary-electron  signal.  These  results  showed  that  the  fraction 
of  secondary  electrons  passing  through  the  aperture  did  depend  on 
the  x-ray  flux--this  fraction  decreased  at  higher  fluxes.  At  lower 
fluxes,  the  number  of  secondaries  detected  was  twice  that  expected 
for  a  cosine  angular  distribution. 

Other  experimental  observations  were  gleaned  using  a  cylin¬ 
drical  aluminum  photoemitter.  When  this  emitter  was  grounded,  the 
primary-electron  spectral  yield  was  the  same  as  that  from  a  flat 
aluminum  surface.  Furthermore,  the  low-energy  primary-electron 
emission  from  the  biased  cylindrical  surface  was  still  enhanced 
over  that  from  the  grounded  emitter.  But  there  was  a  definite 
decrease  in  the  observed  secondary  yield  from  the  biased  cylin- 
drial  surface.  These  observations  for  a  cylindrical  emitter  are 


consistent  with  the  field  "focusinq"  the  electrons  in  one  direc¬ 
tion  and  "defocusinq"  in  the  other  direction. 

2 .  Results 

lotal  yields  of  secondary  plus  primary  electrons  from  various 
materials  were  derived  from  the  XRD  and  PESS  measurements.  Since 
secondary-electron  yields,  and  thus  total  yields,  ate  sensitive  to 
surface  condition  and  contamination,  cate  was  exercised  in  selectinq 
the  most  reliable  values.  In  particular,  the  total  emission  from 
aluminum  was  observed  to  have  the  hiqhest  total  yields  when  the 
surface  was  fresh.  After  beinq  left  in  the  system  for  many  shots, 
the  yields  were  10  to  50 %  lower.  thus,  the  freshness  of  a  surface 
was  an  important  criterion  in  weiqhtinq  the  various  data.  On  the 
other  hand,  p  r  ima  t  y -e  1  ec  t  r  ori  yields  were  not  sensitive  to  this 
type  of  contamination. 

The  resulting  "best"  values  are  tabulated  in  Table  3.  For 
most  materials,  there  was  remarkably  qood  aqr  eemerit  between  the 
values  obtained  in  the  PESS  and  in  the  XRDs.  There  were  substan¬ 
tial  differences  in  the  total  yields  from  the  thermal  white  paint 
and  thin  Mylar.  In  the  case  of  the  white  paint,  it  is  not  sur¬ 
prising  that  the  values  differed  since  they  were  applied  differ¬ 
ently  to  the  substrates.  As  to  the  Mylar  results,  the  samples 
used  in  the  PESS  was  aluminized  on  one  side  and  it  may  have  had 
some  aluminum  on  the  other  side.  In  addition,  t h  l  s  sample  may 
have  been  contaminated.  Although  contamination  reduced  the  total 
yield  from  aluminum,  it  could  increase  the  yield  from  other  mater¬ 
ials. 


The  biqqest  discrepancy  was  the  ext r erne  1 y -  1 ow  total  y i e 1 d 
from  the  solar-cell  covet  mounted  in  an  XRD.  In  fact,  this  value 
was  even  lower  than  the  p t i ma r y -e 1 ec t r on  yield  measured  in  the 
PESS.  A  possible  explanation  is  a  substantial  conductivity 
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through  the  "vacuum",  as  postulated  for  the  biased-emitter  obser¬ 
vations  in  the  P  E  S  S  .  In  the  XRD,  the  gap  between  solar- cell 

surface  and  grounded  screen  was  very  small.  Therefore,  most  of 
the  applied  potential  may  have  been  across  the  thickness  of  the 
guartz  so  that  there  was  negligible  accelerating  potential  for 
the  low-  energy  electrons. 


Table  3.  Total  photoemission  yields  in  units  of  10^  e/J 
measured  using  pulsed  plasma  X  radiation 


PESS 

Material  XRD  Emitter 


A  1  umi  num  9 .  A  _+ 

Gold 

Copper 

Brass  5.4+ 

Gt  aphite 

Ae  r  odag  1.45  + 

White  Paint  3.8^ 

Glass  2 . 4  + 

Solar  Cell  Cover  0.76+^ 

Mylar  (6pm)  0 . 9  +■ 

Kapton  ( 7  pm )  2.5^ 

Kapton  (125  pm)  1.2^ 

Teflon  (125  pm)  1.8+ 


0.6 

9. 

+  1  ♦ 

7.5 

+  0.5 

5.4 

+  0.7 

0.6 

-- 

1  .  4 

+  0.2 

0.  I  5 

-- 

0. 3 

4.4 

+  0.6 

0.6 

2  .  5 

+  0.6 

0.  1  5 

3  .  5 

+  0.5 

0.  1 

1  .  5 

+  0.3 

0.3 

2.9 

+  0.4 

3.  1 

+  0.5 

0.  1  2 

1  .  2 

+  0.2 

0.  9 

1 . 9 

+  0.4 

V. 


STEADY-STATE  YIELD  MEASUREMENTS 


As  a  complement  to  the  pulsed  measurements  described  in  Sec¬ 
tions  II,  III  and  IV,  photoemission  yields  were  measured  usinq 
steady-state  x  radiation.  The  advantages  of  these  measurements 
over  those  usinq  the  exp  1 odi nq - wi r e  source  were:  1)  greater  re¬ 

producibility,  2)  good  vacuum  conditions,  3)  no  space-char  qe 
effects,  4)  greater  accuracy,  5)  use  of  monochromatic  x  rays  to 
determine  enetqy  dependences.  The  experimental  arrangement  is 
described  followed  by  the  results  of  the  measurements  giving  total 
and  primary  electron  yields. 

A.  EXPERIMENTAL  DESIGN 

l.  X-Ray  Source 

The  low-energy,  steady-state  x  radiation  used  for  these  mea¬ 
surements  was  generated  by  a  DNA  calibration  facility  operated  by 
Science  Applications  Incorporated  (SAI)  in  Sunnyvale.  This  facility 
had  a  Henke-tube  source  with  a  copper  anode  operated  at  16  keV. 

The  copper-anode  output  spectrum  excited  characteristic  line  radia¬ 
tion  from  eight  fluorescets  at  energies  tanging  from  1.26  to  5.41 
keV.  The  fluorescent  spectra  passed  alternately  through  we  1  1 - 
matched  pairs  of  Ross  filters.  A  listing  of  the  fluoiescet  ma¬ 
terials  and  energies  of  characteristics  lines  is  given  in  Table  4. 
The  spectral  outputs  were  measured  usinq  the  standard  techniques 
of  a  gas  proportional  counter  and  a  multichannel  analyzer.  The 
intensity  calibration  was  normally  within  2%  and  the  spectral 
purity  (difference  between  pass  and  block  filters)  was  designed 
to  be  better  than  9 9 % . 
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lable  4.  Morioch  i  oma  t  i  c  X-iay  lines  used  foi 
steady-state  photo emission  studies 


F  luorescet  E n e i q y  ( k e V ) 


Mg 

1 .255 

A  1 

CO 

CO 

• 

Si 

1  .  742 

Cl  (Satan) 

2.634 

Sc 

4.125 

1  i 

4.551 

V 

4.948 

Ct 

5.410 

Photoemission  cut  tents  wete  measuted  using  a  Keithley  610C 

picoammetei  and  wete  displayed  on  a  stiip-chail  teeoidet.  Ihe 

- 1 5  -12 

measured  cur  tents  i anqed  f t om  3  x  10  to  10  A  and  could  be 
determined  to  within  2%  of  leading  plus  5  x  10  A.  Ihe  over  - 
all  accuracy  of  the  measurements  was  judged  to  be  bettei  than 
except  where  limited  by  signal  strength. 
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2. 


Yield  Apparatus 


Ihe  yields  of  primary  electrons  and  pi i ma i y -p 1 us-seconda r y 
elections  (total)  were  measured  usinq  a  r et ar dinq-pot ent i a  1  spec¬ 
trometer.  This  "birdcage"  apparatus,  shown  schematically  in 
Fiqure  28  and  by  a  photoqraph  in  Fiquie  29,  had  a  hiqhly— t  raris- 
parent  retardinq  grid  surrounding  the  pho t oem i t t e r .  Ihe  parallel- 
wire  grid  was  91%  transparent  to  electrons  and  was  completely 
transparent  to  the  incident  x  rays.  A  low-z  coating  of  Aerodaq 
was  spiayed  on  the  chamber  walls  and  the  qtid  to  reduce  election 
backscatter.  Ihe  photoemitter  was  a  bitiuncated  circle  (two 
parallel  sides)  with  dimensions  of  7  by  ID  cm;  this  was  just 
sliqhtly  larqer  than  the  pattern  of  the  incident  x  rays  at  the 
chosen  distance  from  the  source. 

During  the  development  and  testinq  of  the  apparatus,  it  was 
necessary  to  add  two  features.  One  was  an  apertured  maqriet  near 
the  x-ray  source  to  serve  as  an  election  trap  stoppinq  photoelee- 
t ions  generated  in  the  source  region.  Ihe  other  was  maintaining 
the  photoemitter  assembly  at  -31  V  with  respect  to  the  grounded 
walls  in  order  to  inhibit  the  migration  of  secondary  elections 
and  low-eneiqy  elections  back  scat t e r ed  from  the  chamber  walls 
to  the  emitter.  This  was  done  by  placing  an  in-line  battery 
between  the  photoemitter  and  the  picoammeter.  The  electrical 
feedthrouqhs  were  selected  to  have  negligible  leakage  currents. 

Ihe  normalized  photoemission  current  from  an  aluminum  photo¬ 
cathode  irradiated  by  Si-K  x  rays  is  plotted  in  Fiquie  3D  as  a 

function  of  qr i d-t o-emi t t e t  potential,  V„.  At  positive  potentials, 

11 

the  signal  was  constant  providing  a  clear  determination  of  the  total 
photoemission.  Dn  the  basis  of  some  simple  computer  calculations, 
the  minimum  potential  irt  front  of  the  photoemiter  was  estimated  to 
be  about  60?o  of  the  applied  qtid  bias.  For  small  negative  values 
of  Vp,  the  current  decreased  rapidly  corresponding  to  the  energy 


RETARDING  GRID 


Figure  2fl  Experimental  setup  to  measure  total  and  primary 
x-ray  photoyields 
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NORMALIZED  PHOTOEMISSION  CURRENT 
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Figure  30 


Normalized  photoemission  current 
function  of  retarding  potential; 


1.74  keV 


from  aluminum  as  a 
x-ray  energy  was 


.v .. . 


distiibution  of  low-enetqy  elections.  At  target  biases,  a  change  in 
V^.  from  -50V  to  -100V  produced  only  a  3?o  decrease  in  the  normalized 
current,  so  there  was  only  a  slight  uncertainty  in  the  primary  emis¬ 
sion  current.  The  election  flow  from  the  grid  was  measured  to  be 
only  2  to  3%  of  the  primary  electron  current.  Since  part  of  this 
emission  flowed  back  to  the  photoemittei  when  V„  <  0,  the  net 

u 

effect  was  only  a  1%  shift.  Measurements  of  the  total  photoelectric 
yield  were  made  with  the  grid  biased  at  +  10 V  with  respect  to  the 
phot  oca t hode .  Primary-electron  yields  were  determined  with  the 
grid  biased  at  -50V.  In  this  case,  it  was  estimated  that  all  elec¬ 
trons  emitted  with  kinetic  energies  under  30  eV  were  returned  to 
the  photocathode  assembly.  Ihe  system  was  evacuated  by  a  turbo- 
molecular  pump  to  a  pressure  of  about  2  x  10-^  lorr. 

3.  Materials  Studied 

The  photoemitter  materials  studied  under  this  program  were 
aluminum,  aluminum  oxide,  gold,  silver,  silicon,  silicon  dioxide, 
glass,  Mylar  and  Kapton.  Several  of  these  photoemitters  were 
from  the  same  sources  as  used  in  the  PESS  measurements.  Ihe  con¬ 
figurations  and  compositions  are  listed  below. 

1.  Aluminum  foil.  Standard  18 -pm  Reynolds  wrap. 

2.  Aluminum  oxide.  Aluminum  foil  anodized  in  3%  solution 
of  ammonium  citrate,  applied  voltages  of  100  and  200V 
produced  A  l  ^  0  ^  thicknesses  of  135  nm  and  270  nm 

(1350  and  2700  angstrom). 

3.  Gold.  Coating  ori  copper-clad  PC  board  obtained. 

A.  Silver.  Coating  on  copper -clad  PC  board  obtained. 

from  MRC . 

5.  Silicon.  A  0.5-mm  thick  sheet  cut  from  a  high  purity 
wafer  used  by  the  semiconductor  industry. 

6.  Silicon  dioxide.  The  above  sheet  of  silicon  was  oxidized 
in  a  furnace  to  produce  an  SiO^  lay.  with  a  thickness 

of  about  200  rim. 
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7. 


Glass.  Four  1-mm-thick  microscope  slides  mounted  side 
by  side.  Ihe  composition  was  not  determined,  but  most 
likely  contained  significant  amounts  of  ^£0,  K^U  and/or 
CaO  in  the  SiC^. 

8.  Mylar.  Thickness  of  6  pm,  with  a  nominal  composition  of 

Cfo  Hg  0  An  Aerodaq  was  applied  to  the  back. 

9.  Kaptort.  thickness  of  7  ym  and  125  pm  were  studied  with 

the  thick  sample  from  MRC.  Both  samples  had  been  aluminized 
on  their  backsides. 

Where  appropriate,  all  surfaces  were  cleaned  with  r eaqent -qt ade 
me  t  hario  1 . 

Some  of  the  materials  were  dielectrics,  having  thicknesses  of 
several  micrometers  or  mote.  For  these  samples,  it  was  important 
to  determine  if  surface  charqinq  affected  the  results.  This  effect 
was  studied  experimentally  by  varying  the  photon  intensity  and  by 
increasing  the  positive  bias  on  the  grid.  Analytically,  the  maxi¬ 
mum  surface  potential  was  estimated  from  the  ratio  of  the  emission 
current  density  to  the  volume  resistivity.  In  all  cases,  save  the 
thick  Kaptort,  charging  was  negligible.  For  instance,  the  thin 
Kapton  and  Mylar  charged  up  to  no  more  than  0.4V.  Ihe  thick  Kapton 
sample  charged  up  to  higher  potentials  estimated  to  be  about  10V. 

When  the  bias  potential  was  increased  from  +10V  to  +500V,  the  total 
emission  from  this  thick  Kapton  increased  by  IVn. 

B.  YIELD  RESULTS 

The  measured  primary  and  total  electron  yields  ate  tabulated 
in  Table  5.  It  is  well  known  that  the  electron  y l e  1  d  is  propor¬ 
tional  to  the  erier  qy-absot  pt  ion  cross  section,  y  ,  which  has  an 
inverse  power-law  dependence  on  photon  energy  with  abrupt  increases 
at  absorption  edges.  Accordingly,  these  yield  values  ate  displayed 
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Table  5.  Primary  and  total  photo-Auqei  electron  yields 
in  units  of  10-^  election/photon 


E 

X 

Mater ial 

Mq 

1.26 

Al 

1.49 

Si 

1.74 

Cl 

2.64 

Sc 

4.12 

Ti 

4.55 

V 

4.95 

Cr 

5.41 

Al 

2.45 

1.85 

8.05 

4.10 

2.95 

2.55 

2.35 

2.15 

Foil 

14.3 

9.6 

36.5 

17.1 

8.9 

7.6 

6.6 

5.6 

ai2o3 

2.65 

2.15 

5.05 

2.85 

1.70 

1.55 

1.40 

1.28 

18.2 

1 3.0 

26.5 

13.3 

5.95 

5.00 

4.35 

3.70 

Gold 

12.7 

11.2 

9.7 

21.4 

19.4 

16.6 

15.6 

14.0 

54.0 

43.0 

34.0 

67.0 

52.0 

44.5 

40.5 

34.6 

Silver 

10.8 

9.45 

8.7 

5.8 

15.1 

13.6 

12.6 

11.2 

49.4 

41.1 

35.6 

18.5 

43.2 

37.7 

33.8 

29.4 

Silicon 

1.9 

1.6 

1.2 

5.8 

3.45 

3.1 

2.9 

2.6 

5.5 

3.6 

2.9 

13.3 

6.7 

5.7 

5.1 

4.6 

Glass 

2.7 

2.35 

2.0 

2.85 

2.2 

1.9 

1.75 

1.55 

19.8 

14.6 

11.  1 

12.9 

7.4 

6.1 

5.3 

4.5 

Mylar 

1.95 

1.5 

1.2 

0.77 

0.40 

0.36 

0.33 

0.28 

(6  pm) 

4.45 

3.2 

2.35 

1.25 

0.61 

0.51 

0.45 

0.38 

Kapton 

2.05 

1.65 

1.85 

0.98 

0.52 

0.45 

0.39 

0.33 

(7  pm) 

4.32 

3.70 

3.92 

2.82 

1.90 

1.71 

1.59 

1.52 

Kapton 

1.62 

1.39 

1.16 

0.64 

0.41 

0.34 

0.32 

0.28 

(125  pm) 

5.75 

4.3 

3.2 

1.47 

0.76 

0.63 

0.56 

0.48 
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on  loqaiithmic  plots  in  Figures  31,  32  and  33.  In  the  eneiqy  ranges 
on  either  side  of  absorption  edges,  most  of  the  data  are  fit  by  the 
straiqht  lines  drawn  on  these  plots.  Most  of  the  small  deviations 
were  experimental  errors.  Some  of  this  data  and  its  analysis  were 
published  and  compared  with  other  results. ^  There  was  generally 
good  agreement. 

In  the  case  of  gold,  the  data  at  2.64  keV  fell  in  the  midst  of 
the  series  of  M  absorption  edges  arid  was  therefore  expected  to  fall 
between  the  extrapolations  of  results  on  either  side.  Similarly, 
the  two  data  for  glass  at  2.64  keV  fell  below  extrapolations  of  the 
data  at  higher  energies.  This  can  be  explained  by  the  presence  of 

potash  or  lime  which  are  commonly  used  in  glass  --  the  absorp¬ 
tion  edges  for  potassium  and  calcium  are  at  3.61  and  4.04  keV,  re¬ 
spect  ive  ly . 

A  significant  deviation  from  a  st t aiqht- line  fit  was  found  in 
the  data  for  aluminum.  The  primary  yield  at  2.64  keV  definitely 
fell  below  a  straight  line  connecting  the  value  at  1.74  keV  and 
the  values  above  4  keV.  Several  samples  of  aluminum  foil  were 
measured  and  the  x-ray  output  was  recalibrated  to  ensure  that  this 
was  not  an  experimental  error.  It  was  also  found  that  below  the 
aluminum  K  edge,  the  yields  of  the  aluminum  foil  and  the  anodized 
aluminum  were  neatly  the  same.  Such  an  observation  is  explained 
by  the  normal  oxide  layer  on  aluminum  which  has  a  thickness  of 
about  5  rim. 

There  were  several  interesting  aspects  to  the  yield  results 
from  the  three  polymers.  The  primary  yield  from  the  thick  (125  urn) 
Kaptori  was  slightly  less  than  that  from  Mylar,  while  the  total  yield 
of  the  Kaptori  sample  was  greater  than  that  from  the  Mylar.  For  com¬ 
parison,  the  primary  yield  from  graphite  deposited  as  Aerodaq  was 
the  same  as  the  Mylar  yield  while  the  total  *  ’eld  was  much  larger. 
However,  the  yields  from  the  thin  (7  pm )  Kapton  exhibited  unexpected 
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PHOTON  ENERGY,  Ey  (keV) 


YIELD  (electron  /  photon  -  keV) 


Figure  32  Primary,  Y  ,  and  total,  YT,  photoemission  yields 
from  gold  and  silver 
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Fiqure  33  Primary,  Y  ,  and  total,  Y^,  photoemission  yields 

from  alumiRum  foil,  anodized  aluminum,  silicon,  silicon 
dioxide  and  al ass 
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behavior.  While  the  primary  yield  of  this  thin  Kapton  was  only 
slightly  larger  than  the  Mylar  yield  at  the  two  lowest  photon  ene- 
gies,  there  was  a  significant  increase  at  energies  above  1.5  keV. 

The  total  yield  also  had  a  jump  just  above  1.5  keV.  In  addition, 
the  total  yield  from  this  thin  Kapton  sample  did  not  fall  off  as 
rapidly  with  photon  energy  as  all  other  materials. 

An  explanation  for  this  observed  photoemission  from  the  thin 
Kapton  resides  in  the  aluminizing  on  the  other  surface.  When  the 
film  was  rolled  up  after  being  aluminized,  very  snail  amounts  were 
transferred  to  the  uncoated  surface.  When  it  is  assumed  that  this 
added  aluminum  (Al^O^)  needs  only  have  an  average  thickness 
of  2  nanometers  to  account  for  the  30?o  jump  in  the  primary  yield. 

It  is  more  difficult  to  explain  the  energy  dependence  of  the  en¬ 
hanced  total  emission.  Most  likely  this  transferred  aluminum 
does  not  form  a  uniform  layer,  but  is  in  the  form  of  tiny  spots 
with  dimension  of  10-30  nm.  In  this  case,  the  emerging  primary 
electrons  will  irradiate  larger  circular  spots  in  the  Kapton  there¬ 
by  increasing  the  seconds r y -e 1 ect r on  generation. 

Values  for  the  secondary  electron  yield,  Y  ,  were  obtained 
by  taking  the  differences  between  the  total  and  primary  electron 
yields.  Ratios  of  the  secondary  and  primary  yields,  Ys/Y  ,  ate 
plotted  in  Figure  34.  Ihe  largest  ratios  were  observed  for  the 
inorganic  dielectrics  glass  and  aluminum  oxide  while  the  smallest 
ratios  were  found  for  silicon,  Mylar  and  the  thick  Kapton.  In 
general,  this  ratio  fell  off  with  increased  photon  energy.  Ihe 
exception  was  the  thin  Kapton  which  had  some  aluminum  on  the  surface. 
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Figure  34  Ratio  of  secondary  electron  yield  to  primary  electron 

yield,  Y  /Y  =  ( Y  T  -  Y)/Yn 
'  s  p  I  p  p 
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VI.  STEADY-STATE  SPECTRAL  MEASUREMENTS 

A  second  phase  of  the  steady-state  studies  was  to  develop 
suitable  inst i umentat ion  and  measure  the  energy  spectra  of  photo- 
electrons  generated  by  low-energy  monochromatic  x  radiation.  lhe 
x-ray  source  used  was  the  same  as  described  in  the  previous  section 
for  the  steady-state  yield  measurements. 

There  are  different  approaches  to  determining  the  energy  dis¬ 
tribution  of  emitted  electrons.  One  method  is  to  use  a  high- 
voltage  retarding  grid,  similar  in  many  respects  to  the  set  up 
used  for  the  yield  measurements.  However,  the  geometry  of  the  re¬ 
tarding  grid  would  have  been  more  complicated  than  that  used  to 
determine  just  the  primary  yield  and  high  voltages  would  have  to 
he  used.  The  other  method  is  the  use  of  an  electrostatic  or  magne¬ 
tic  energy  analyzer  with  an  elect r on -count ing  detector.  This  latter 
method  was  selected  for  the  measurements  in  this  program.  The  mag¬ 
netic  spectrometer  (PESS)  was  used  with  appropriate  modifications. 

A.  APPARATUS 

To  determine  the  photoelectron  enei gy  spectra,  the  PE5S  was 

modified  by  replacing  the  Fataday-cup  array  with  a  channell ion 

election  multiplier.  A  schematic  diagram  of  the  apparatus  is 

shown  in  Figure  35  and  a  phot ogr aph  of  it  is  in  Figure  36.  The 

2 

x  radiation  was  incident  on  the  l.fl-cm  beveled  photoemitter  and 
a  small  fraction  of  the  emitted  electrons  passed  through  the  apet- 
tnre  into  the  magnetic  analyzer  region.  Since  the  transmitted  cur¬ 
rent  was  very  small,  individual  electrons  could  be  counted  by  the 
detector.  The  electron  count  rate  was  measured  as  a  function  of 
electron  energy  by  varying  the  magnetic  field.  As  already 
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Figure  36  Photograph  of  PFSS  with  channel! ron 


described  for  the  yield  measurements,  the  net  count  iate  corres¬ 
ponding  to  a  given  x-ray  energy  was  the  difference  between  the 
count  rates  using  pass  and  block  x-ray  filters.  In  this  experi¬ 
mental  set-up,  the  electron  trap  was  also  needed  to  stop  spurious 
electrons  that  originated  at  the  x-ray  source. 

The  detector  used  for  the  initial  measurements  was  a  Galileo 

Model  4039-EIC  chanrieltron,  having  an  entrance  aperture  10  mm  in 
8 

diameter.  For  subsequent  measurements,  a  new  channeltr  on,  Gal¬ 
ileo  Model  4028-EIC/B1,  was  procured  which  had  a  rectangular  en¬ 
trance  10  mm  wide  by  25  mm  high  (parallel  to  the  magnetic  field.) 
The  overall  size  of  this  latter  detector  restricted  where  it  could 
be  placed  in  the  PESS  chamber.  Co n segue ntly,  the  electrons  tra¬ 
veled  orbits  averaging  only  135°  from  the  aperture  to  the  detec¬ 
tor  and  the  energy  resolution  was  slightly  dependent  on  the  angular 
distribution  of  the  electrons  passing  through  the  aperture. 

The  channeltrons  were  operated  in  a  standard  way  with  the 
outside  of  the  front  entrance  cone  at  ground  potential  and  the 
output  end  at  a  positive  2.9  or  3.0  kV.  Output  pulses  were  trans¬ 
mitted  on  the  high-voltage  lead  connected  to  a  vacuum  feed-through. 
These  pulses  were  conditioned  by  a  pr eamp  1  i f i e r -H  .  V .  unit  and  then 
counted.  Discriminator  settings  on  the  counter  were  adjusted  to 
include  all  electron  counts  while  rejecting  noise.  Data  for  the 
energy  spectra  of  primary  electrons  were  generated  by  measuring 
the  electron  count  rate  as  a  function  of  applied  magnet- coil  cur¬ 
rent,  Ig.  To  derive  spectral  yields  from  the  data,  calibration 
factors  were  needed  for  the  system  energy  response  (E^),  energy 
resolution  (  AE )  ,  energy-dependence  of  the  detector  response,  geo¬ 
metric  collection  efficiency  of  the  detector  and  an  assumed  angular 
distribution  of  the  emitted  electrons  as  discussed  in  Section  IV. A. 
The  energy  response  and  resolution  of  PESS  depended  on  the  geo¬ 
metric  configuration  of  the  channeltron  with  respect  to  the  elec¬ 
tron  aperture  and  upon  the  magnet ic- f i e 1 d  calibration. 


91 


The  energy  response  and  energy  resolution  of  the  system  were 
derived  both  by  calculations  and  experiment.  Ideally,  the  energy 
resolution,  AE,  in  this  fixed  geometry  should  have  been  a  constant 
fraction  of  the  average  energy,  E^,  of  the  detected  electrons. 
Electron  trajectories  in  the  actual  geometry  were  calculated  con¬ 
sidering  the  possible  range  of  angles  determined  by  the  photoemitter 
aperture  configuration.  Experimentally-derived  values  for  the 
energy  response  and  resolution  were  gotten  by  accelerating  low-enerqy 
secondary  electrons  emitted  from  gold  irradiated  by  4.12-keV  photons. 
At  a  fixed  setting  of  the  magnetic  field  current,  the  electron  count 
rate,  C  ,  was  measured  as  a  function  of  applied  voltage,  V.,  on 
the  photoemitter. 

The  larger,  r ec t angu 1  a r -ape r t u r e  channeltron  was  calibrated 
using  five  different  magnet-coil  currents,  Ig,  corresponding  to 
nominal  electron  energies,  Ep,  of  0.1  to  2.6  keV.  The  vacuum 
feedthrough  on  the  PESS  photoemitter  and  the  available  power  sup¬ 
ply  limited  the  applied  voltage  to  under  3  keV.  These  sets  of 

2 

data  were  normalized  through  use  of  the  ratio  V^/lg  and  are 

plotted  in  Figure  37.  If  the  system  were  perfect,  these  data 

2 

sets  should  have  been  independent  of  IR  .  But  two  distinct 

“  ,  2 

trends  were  found  as  Ig  was  increased:  1)  the  values  of  V^/Ig 

at  peak  count  rates  became  larger  and  2)  the  shapes  of  the  plots 
became  pronouncedly  asymmetric.  H i gher -ene r g v  primary  electrons 
were  also  detected  as  a  low-level  count  rate  to  the  left  of  the 
peaks  (smaller  Vft/Ig  ). 

Pertinent  aspects  of  these  calibration  data  are  qiven  in 

,  2 

Table  6  in  which  =  V^/ Ig  .  As  Ig  was  increased,  the  widths 
of  the  peaks,  V^,  became  narrow  while  the  midpeak  position, 

V ^ ,  shifted  upward.  This  narrowing  in  the  plots  can  be  explained 
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COUNT  RATE  (103/second) 


Table  6.  Calibration  of  PESS  with  Channeltion  detect ot. 
Paiametei 


'b  (a) 

0.63 

1.20 

1.71 

2.24 

2.66 

Peak  Count  Rate  (kc/sec) 

10.4 

12.0 

11.8 

9.7 

9.0 

9  Midpeak 

266 

322 

346 

362 

367 

AVki  @  FWHM 

N 

72 

67 

66 

65 

64 

3  Midpeak  (V) 

106 

464 

1013 

1819 

2597 

E^  (calculated) 

144 

523 

1061 

1B21 

2568 

PAVW 
c  N 

749 

804 

779 

631 

576 

Normalized  P  AV.. 

r*  M 

0.93 

1.00 

0.97 

0.78 

0.72 
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by  the  effect  of  the  applied  potential  on  the  phot oemi t t e i ,  as  men¬ 
tioned  in  Section  V.B.  Ihe  secondary-elections  weie  focused 
toward  the  aperture  and  had  a  smaller  divergence  as  they  passed 
throuqh,  thereby  improving  the  resolution.  (Ihe  computations  of 
these  focused  trajectories  by  SSS  are  discussed  in  Section  VII). 

Ihe  asymmetric  slopes  in  the  data  peaks  at  larger  values  of  I 
were  explained  by  the  finite  size  of  the  detectoi  aperture.  t'ven 
with  the  field  focusinq  of  the  electron  trajectories,  the  diver¬ 
gence  of  the  elections  aloriq  the  magnetic  field  caused  them  to 
extend  past  the  top  and  bottom  of  the  collecting  area.  As 
was  increased,  the  orbital  radius  was  larger  and  there  was  more 
spil lover . 

One  problematic  aspect  was  the  shift  in  Vk,  as  I„  was  in- 

creased.  Electron  energies  were  calculated  for  electron  orbits 

passing  throuqh  the  centers  of  the  aperture  and  detector;  they 

are  compared  with  the  applied  voltaqe  at  peak  count  rates  in 

fable  6.  There  is  good  agreement  only  at  the  higher  energies. 

lo  explain  the  discrepancy  at  smaller  I  ,  several  effects  were 

n 

considered  including:  stray  magnetic  field,  finite  initial  ener¬ 
gies  of  the  secondary  elections,  asymmetrical  geometric  effects 
and  focusinq  effects.  All  of  these  effects  could  account  for  only 
a  quartet  of  the  discrepancy.  Finally,  at  the  conclusion  of  all 
the  spectral  measurements,  it  was  discovered  that  the  positive, 
hiqh-voltaqc  lead  to  the  channeltron  had  insufficient  electrical 
shielding.  Ihe  electric  field  emanating  from  this  wire  caused 
the  small  perturbation  in  the  trajectories  at  low  electron  ener¬ 
gies. 


An  enerqy  resolution  ratio,  E/  E,  can  be  defined  as  t  tie  ratio 

V.,/  V...  In  as  much  as  focusing  caused  V.,  to  decrease  at  largei 
N  N  N 

V^,  an  upper  limit  on  the  resolution  of  E/  E  <  5.1  was  obtained 
from  the  ratio  of  the  maximum  values  of  both  V,,  and  V...  A  value 
for  the  energy  resolution  was  also  determined  from  calculations 
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of  the  i anqe  of  election  energies  intercepted  by  the  detector  at  a 
given  setting;  the  derived  value  was  E/AE  =  5.0  +  0.2. 

The  response  of  channelt  ton  detectors  has  been  found  to  be 

9 

dependent  on  the  energy  of  the  incoming  electrons  and  to  be 
degraded  by  an  ambient  magnetic  field. ^  A  wide  range  of  de¬ 
pendences  has  been  reported,  undoubtedly  a  result  of  different 
channeltron  geometries  and  measurement  techniques.  lo  determine 
the  influence  of  a  magnetic  field  on  the  detection  efficiency  of 
the  10-mm-di amet er  channeltron,  its  response  to  x  radiation  was 
measured  as  a  function  of  applied  field.  It  was  found  that  the 
response  dropped  off  by  only  3%  at  the  highest  field  used  for  the 
spectral  measurements  (40  Gauss),  although  the  response  was  down 
by  25?o  at  a  field  value  of  120  Gauss.  Channelt  ions  have  a  response 
to  elections  of  nearly  unity  at  electron  energies  of  several  hun¬ 
dred  eV.  From  the  results  in  Table  6,  relative  efficiencies  of 
the  detector  were  derived  and  normalized  to  a  maximum  value  of  0.98 
at  0.5  keV.  These  values  are  plotted  in  Figure  38  along  with  a 
smooth  curve  that  was  fit  to  the  data. 

B.  RESULTS 

For  these  determinations  of  primary-electron  energy  spectra, 
the  count  rate  was  measured  as  a  function  of  magnetic-coil  current 
with  the  photoemitter  qrounded.  The  midpoint  electron  energy,  E  , 
was  calculated  from  the  current,  1^,  as  given  in  Table  6.  To 
derive  energy  spectra,  the  count  rate  at  each  election  energy  was 
divided  by  AE  =  E  /5.  The  spectral  yields  were  then  obtained  by 
application  of  several  calibration  factors  and  x-i ay  intensities 
were  obtained  for  the  location  of  the  photoemitter.  The  photoemitter 
area,  the  solid  angle  subtended  by  the  election  aperture,  and  the 
assumed  cosine  angular  dist  ibution  were  all  the  same  as  used  in  the 
analysis  of  pulsed  emission.  On  the  basis  of  geometry,  it  was 
calculated  that  the  height  of  the  rectangular  channeltron  aperture 
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intercepted  81%  of  the  electron  trajectories  while  the  circular- 
aperture  channel-t i on  collected  30%.  Ihe  energy-dependent  response 
of  the  lectanqular  unit  to  elections  was  that  shown  in  Fiquie  38. 

Specttal  yields  f i om  qold  weie  measuied  at  foui  photon  ener¬ 
gies  of  1.49,  2.64,  4.12  and  5.41  keV.  Aluminum  foil  was  studied 
at  1.49,  1.74,  4.12  and  5.41  keV,  and  aluminum  oxide  was  studied 
at  5.41  keV.  Ihe  resulting  spectral  yields  aie  piesented  in 
Fiquies  39,  40,  and  41.  All  these  displayed  emission  spect i a 
weie  rounded  and  broadened  by  the  instiumemal  bioadeninq.  Ihe 
number  of  counts  accumulated  foi  each  data  point  i anqed  from  50 
to  20,000  so  that  statistical  fluctuations  provided  a  significant 
error  on  some  data.  In  particular,  the  data  obtained  for  aluminum 
at  1.49  arid  1.74  were  initial  results  usinq  the  smaller  channel- 
tior^*;  both  the  number  of  data  points  and  count  rates  were 
quite  limited. 

Ihe  energy  spectra  of  emitted  electrons  results  from  a  fold¬ 
ing  together  of  the  initial  electron  energies  and  energy  losses 
in  the  emittei,  while  the  measuied  shapes  also  reflected  the  in¬ 
strumental  broadening.  Initial  energies  of  the  emitted  Auqei  elec¬ 
trons  and  phot oe  lect i ons  are  qiven  in  Table  7  for  gold,  aluminum 
and  oxygen.  If  significant  carbon  contamination  were  present,  its 
Auger  peak  would  be  at  0.27  keV.  Smooth  curves  were  fit  through 
the  data  consistent  with  the  appropriate  photoelectric  and  Auger 
electron  energies  to  maintain  consistency  between  the  results  at 
different  photon  energies.  At  electron  energies  below  0.5  keV, 
the  curves  were  shifted  slightly  toward  lower  energies  to  account 
for  the  small  perturbation  caused  by  the  high  voltaqe  lead  to  the 
channeltion.  The  few  maverick  data  points  fallinq  well  away  from 
the  curves  are  attributed  to  statistical  fluctuations.  In  all 
cases,  the  spectral  yields  became  very  large  at  low  election  energies 
under  0.15  keV.  It  was  not  determined  if  this  was  a  real  feature 
of  the  spectra  or  were  scattered  elections.  Both  gold  and  aluminum 
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Figure  40 
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Fiqure  41  Photoemission  spectral  yields  of  primary  plerfron 
from  aluminum  foil  at  x-ray  pnerrpps  of  1  4U  and 
1 . 74  keV 


Table  7.  Predominant  energies  of  Auger  electrons  and  photo- 
electrons  from  gold  and  aluminum  foil  irradiated 
by  monochromatic  X-rays 


Auger  Electron  Energies  (keV) 


Au 

0.02 

0.04 

0.07 

0.15 

0.24 

0.35 

1 .52 

1  .  77 

2.02 

2.1  1 

A  1 

0.04 

0.07 

1 .  34 

1 .  39 

0 

0.50 

C 

0.27 

Aver  a  q  e 

Photoelectron  Energies 

(keV) 

Phot  on 

Energy  (keV) 

E  1  emeu  t 

-  Shell 

1.49 

1  .  74 

2.64 

4.  12 

5.41 

Au 

M 

- 

- 

0.43 

1 . 9 

3.3 

- 

- 

0.34 

1.8 

3.2 

Au 

N 

1.  1 

1 . 4 

2.3 

3.7 

5.0 

Au 

0 

1 . 4 

1 . 6 

2.5 

4.0 

5.3 

A  1 

K 

- 

0.18 

1 . 08 

2.  56 

3.85 

A  1 

L 

1.42 

1 .67 

2.57 

4.05 

5.  34 

n 

K 

0.96 

1.21 

2.11 

3.59 

4.88 

0 

L 

1.48 

1  .73 

2.63 

4.  1  1 

5.40 
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do  have  st  i  orig  Auqe  r -e  1  ect  i  on  peaks  at  about  AO  and  70  eV.  On  the 
othei  hand,  at  vety-low  magnetic  fields,  hiqh-enetqy  elections 
could  hit  the  chamber  wall  and  be  scattered  to  the  detectoi. 

lhe  spectral  yields  were  integrated  to  obtain  values  of  pri¬ 
mary-electron  yields  which  ate  listed  in  lable  8.  For  comparison, 
the  values  determined  from  the  birdcage  steady-state  measurements 
are  also  listed.  Ihese  integrated  spectral  yields  are  in  very  good 

agreement  considering  the  uncertainties  in  several  of  the  ealibia- 

* 

tion  factors.  Only  in  the  case  of  Al^O^  at  5.41  keV  was  there 
a  discrepancy  of  greater  than  10%.  Slightly  better  agreement  would 
be  achieved  if  the  channeltron  response  fell  off  less  with  electron 
energy  above  2  keV  than  that  shown  in  Figure  38.  That  would  reduce 
the  spectral  yields  at  the  higher  energies. 

fable  8.  Primary-electron  yields  from  integrated 
spectral  yields  at  given  X-ray  energies 

Yields  in  Units  of  10  ^  election /photon 


Emitter 

E  (keV) 

— X - 

PESS 

Birdcage 

Gold 

1 . 49 

11.6 

1  l .  1 

2.64 

19.3 

2  1.4 

4.  1  2 

19.3 

19.4 

5.31 

13.8 

13.9 

A 1  foil 

1 . 49 

* 

2 . 0 

1 . 9 

1 . 74 

* 

7.5 

7.9 

4.  12 

2.8 

2.85 

5.41 

2.3 

2  .  1 

A  1  2°  3 

5.41 

1  .  6 

1  .28 

* 

Data  obtained  with  small  channeltron 


VII  PESS  CALIBRATION  COMPUTATIONS 


In  the  initial  development  and  usage  of  the  PESS,  the  photo- 
emittei  was  qtounded  and  the  primaiy  elections  weie  assumed  to 
follow  stiaiqht-line  tiajectoiies  in  the  region  between  the  photo- 
emittei  and  the  apeituie.  When  the  goals  were  extended  to  deter¬ 
mine  the  yield  of  secondary  elections  generated  by  the  pulsed 
x  radiation,  it  was  recognized  that  the  orbits  could  be  greatly 
altered  by  the  combined  effects  of  space-chaiqe  fields  and  the 
applied  potential  accelerating  the  low-energy  secondaries. 

In  order  to  calibrate  the  response  of  the  PESS  under  these 
conditions,  election  trajectories  were  computed  by  Systems,  Science 
and  Software  Incorporated  (SSS)  under  subcontract.  The  scope  of 
these  computations  included  modeling  the  complicated  geometry  of 
the  PESS,  developing  a  suitable  computer  program,  and  calculating 
the  Faiaday-cup  currents  for  several  sets  of  experimental  parameters. 
This  computer  program  had  to  handle  properly  the  distributions  of 
electron  energies  and  emission  angles,  the  finite  area  of  the  emit¬ 
ter,  and  the  time-dependent  flux. 

The  computer  used  for  the  calculations  was  a  CDC  7600  located 
at  the  Air  Force  Weapons  Laboratory.  In  spite  of  the  high-speed 
capabilities  of  such  a  computer,  the  accuracy  of  the  calculations 
was  limited  because  of  the  huge  size  of  the  parameter  space.  Even 
with  the  development  of  sophisticated  weighting  factors,  it  was 
found  that  a  large  number  of  values  were  needed  to  approximate  the 
electron  velocity  distribution,  the  spatial  distribution  and  time 
steps.  A  large  fraction  of  the  effort  was  devoted  to  modeling  and 
computing  space-char  qe-1 imited  currents  such  as  shown  in  Figures 
18  and  J9.  Considering  the  complexity  of  the  problem,  the  computed 
signals  agreed  very  well  with  the  measured  currents  on  a  qualita¬ 
tive  basis.  However,  there  were  significant  quantitative  differ¬ 
ences  as  shown  in  Figure  42;  the  computed  current  signals  were  com¬ 
pared  with  the  measured  currents  obtained  on  Shot  No.  3632  shown  in 
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I(k)  (mA) 


Fiqure  18.  lhe  biggest  disci  e  parley  was  in  the  third  cup  detect  inq 
the  acceleiated  secondary  elections,  which  was  of  major  interest. 

It  did  not  appear  feasible  to  push  the  computations  to  a  qreatei 
accuracy  without  consuming  unreasonable  amounts  of  computer  time. 

In  the  meantime,  alternate  experimental  techniques  were  exploited 
for  determining  the  secondary  electron  yields. 

lhe  remainder  of  the  SSS  effort  was  redirected  to  analyzing 
the  influence  of  the  applied  potential,  V^,  on  election  trajec¬ 
tories  for  the  case  of  no  space  charge  effects,  which  was  appli¬ 
cable  to  the  steady-state  spectral  measurements.  For  these  com¬ 
putations,  the  secondary  elections  were  assumed  to  be  emitted 
with  an  energy  of  5  eV.  lo  establish  the  influence  of  the  applied 
electric  field,  two  types  of  angular  emission  were  studied:  1)  all 

electrons  emitted  normal  to  the  surface  and  2)  a  cosine  distribu¬ 
tion.  lhe  fraction  of  the  total  emitted  elections  passing  through 
the  aperture  as  a  function  of  applied  potential  is  given  in  table  9. 
At  =  0  the  fraction  for  normal  emission  is  just  the  ratio  of 
aperture  area  to  emitter  area,  while  for  cosine  emission  the  frac¬ 
tion  is  1/m  times  the  solid  anqle  subtended  by  the  aperture.  For 
normal  emission,  the  applied  field  causes  the  electron  trajectories 
to  diverge  so  that  fewer  pass  through  the  aperture.  Rut  for  a 
cosine  emission,  the  field  focuses  the  trajectories  so  a  much  larger 
fraction  pass  through.  The  calculations  showed  a  factor  of  four 
increase  when  V^/E^  =  36.  Unfortunately,  emitted  secondary 
electrons  have  a  ranqe  of  energies  from  0  to  20  eV  and  it  would 
he  necessary  to  sum  over  the  enerqy  distribution  to  obtain  an 
accurate  calibration  factor  for  the  PESS.  This  energy  distribu¬ 
tion  was  not  known  and  was  expected  to  be  different  for  each 
material.  In  another  vein,  if  the  angular  distribution  of  trans¬ 
mitted  electrons  were  known  as  a  function  of  position  in  the  aper¬ 
ture,  the  PESS  enerqy  resolution  could  be  calculated.  However, 
the  size  of  the  spatial  qrid  zones  was  too  large  to  provide  an 
accurate  angular  distribution  of  elections  passing  through  the 
apet  tut  e . 
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Overall,  these  calculations  turned  out  to  be  mote  difficult 
than  many  other  types  of  SGEMP/phot oemi ssion  computations  because 
only  a  small  fraction  of  the  emitted  electrons  were  detected.  In 
addition,  the  computations  needed  to  be  accurate  to  10?o  since  the 
experiments  were  set  up  to  give  accuracies  better  than  20%. 


Table  9.  Computed  fraction  of  secondary  electrons 

passing  through  PESS  aperture  as  a  function 
of  applied  potential,  V^.  lhe  initial 
electron  energy  was  assumed  to  be  5  eV  for 
both  normal  emission  and  a  cosine  distribution 


Vft(eV) 

Normal 

Cos i ne 

0 

0.37 

0.0067 

-5 

0.14 

0.0098 

-10 

0.  10 

0.0109 

-30 

— 

0.0161 

-180 

_  — 

0.0266 
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VIII  COMPARISON  OF  RESULTS 


An  important  phase  of  this  pi oqr am  was  the  i nt ei oompai i son 
of  the  results  from  the  pulsed  measurements,  steady-state  measure¬ 
ments  and  DNA-sponsor ed  computations  of  photoemission  spectral 
yields.  The  SKYNET  experimental  results  are  compared  with  the 
steady-state  results  first.  Then  these  are  compared  with  the 
computational  values. 

A.  PULSED  AND  STEADY-STATE  YIELDS 

To  compare  the  yields  from  the  pu l sed - r ad i at i on  data  with 
the  yields  from  the  steady-state  studies,  the  OWL  II'  explodinq- 
wtre  spectrum  was  modeled  by  assuminq  40?o  of  the  enerqy  at  1.65 
keV,  50°o  at  2.0  keV  and  I0?o  at  2.5  keV.  The  result  inq  values  of 
the  primary  and  total  yields,  in  units  of  10^  elections  per 
joule,  are  listed  in  Table  10. 

Within  the  stated  uncertainties,  there  was  qood  aqreement 
between  most  of  the  pr ima r y -e 1 ec t r on  yields.  The  sliqhtly  lower 
values  for  the  pulsed  x-ray  data  may  have  been  caused  by  space- 
eharqe  effects  on  the  lowest  enerqy  electrons.  Exceptions  to  t he 
qood  aqreement  were  found  for  silver,  copper  and  thick  Kapton. 

The  low  values  obtained  from  the  samples  of  silver  arid  copper 
dur inq  the  SKYNET  measurements  may  have  been  the  result  of  con¬ 
tamination;  these  materials  were  studied  less  than  many  others. 

As  for  the  very  laiqe  primary  yield  observed  from  the  thick  Kapton 
durinq  these  pulsed  x-ray  experiments,  there  was  no  explanation 
found.  The  extra  electrons  appeared  mostly  at  lower  energies, 
as  shown  in  Figure  26. 
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The  total  yield  values  from  the  pulsed  and  steady-state 
measurements  were  also  in  good  agreement  considering  the  sensi¬ 
tivity  of  secondary  emission  to  surface  composition.  A  surpris¬ 
ing  result  was  the  large  total  yield  from  7-  m  Kapton  observed 
during  the  SKYNET  experiments  using  different  samples  mounted  on 
XRDs  and  in  the  PESS.  This  enhanced  yield  might  have  been  caused 
by  a  different  distribution  of  aluminum  on  the  surface. 

The  spectral  yields  of  photoelectrons  from  aluminum  and  gold 
measured  during  the  pu 1 s ed-p 1  a sma  experiments  are  consistent  with 
the  spectra  obtained  during  the  steady-state  studies.  No  attempt 
was  made  to  synthesize  a  spectral  yield  from  the  monochromatic- 
x-ray  spectral  data,  as  was  done  in  comparing  the  yields  in 
Table  10,  since  this  would  have  required  a  substantial  effort  be¬ 
yond  the  scope  of  the  present  proqram. 

Table  10.  Comparison  of  yields  from  pulsed  measurements  and 

steady-state  measurements.  The  steady-state  values 
were  derived  by  modeling  the  plasma  radiation  as 
4 0%  at  1.65  keV,  50%  at  2.0  keV  and  10%  at  2.5  keV. 

Yields  (10^  Elect  rons/ Joule  ) 
Primary  Total 


Materi al 

Pulsed 

Steady 

State 

Pulsed 

St  eady 
State 

Aluminum 

2.1 

+ 

0.3 

2.35 

9.4  + 

0.6 

10.8 

ai203 

1.4 

+ 

0.3 

1.54 

-- 

8 . 2 

Gold 

3.2 

+ 

0.4 

3.45 

7.5  + 

0 

11.6 

Silver 

2.1 

+ 

0.3 

2.73 

-- 

10.7 

Coppe  r 

1  .  5 

+ 

0.3 

2.71 

5.4  + 

0.6 

9.7 

Glass 

1  .  1 

+ 

0.3 

1 . 04 

2.4  + 

0 . 6 

5.  3 

Carbon  (Aerodag) 

0.30 

+ 

0.1 

0.39 

1.4  + 

0.2 

1  .6^ 

Mylar  (6  m ) 

0.42 

+ 

0.08 

0.39 

0.9  + 

0.1 

0.77 

Kapton  (7  m ) 

0.60 

+ 

0.1 

0.56 

2.7  + 

0.5 

1  .  24 

* 

Values  derived  from  data  obtained  under  an  AE0SR  Proqram. 
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B.  EXPERIMENTAL  AND  1HE0RE1 ICAL  YIELDS 

As  a  complement  to  this  proqtam,  DNA  sponsored  theoretical 
work  at  Science  Applications,  Incorporated,  (SAI),  Vienna, 

Virginia,  to  develop  a  computer  code  for  calculating  spectral 
yields  generated  by  soft  x  rays.  This  code  was  used  to  compute 
spectral  yields  from  relevant  materials  using  the  DWL  II'  x-ray 
spectrum  and  at  selected  monochromatic  energies.  The  integrated 
yields  of  primary  electrons  are  compared  with  the  corresponding 
experimental  values  in  Table  11. 

Eot  the  most  part,  the  computed  values  agreed  reasonably  well 
with  the  measured  values;  the  variations  ranged  from  a  few  percent 
up  to  a  factor  of  two.  lhe  largest  discrepancies  were  found  for 
silver  and  SiO^.  lhe  computed  yields  from  gold  appear  to  agree 
well  with  the  steady-state  measurements  and  it  i  sag  tee  with  the  LWR 
results.  This  might  he  explained  by  the  neglect  of  sub-keV  Anger 

electrons  in  the  computations. 

r 

In  addition  to  the  integrated  yields,  the  spectra  of  emitted 
electrons  can  be  compared.  For  the  exp  1  od i ng-wi t e  radiator  spec¬ 
trum,  Strickland  and  Lin  have,  in  references  1  and  2,  compaied 
their  computed  spectral  yields  from  Al,  Au ,  Ag  and  C  with  t  hi' 
measured  results  given  in  Figures  25  and  26.  There  was  good 
agreement  for  aluminum  with  the  experimental  spectrum  smoothed 
by  the  instrumental  broadening.  In  the  case  of  gold,  t  tie  compu¬ 
ted  primary  yield  was  larger  by  50 %  as  given  in  Table  11.  lhis 
increase  in  spectral  yield  was  mostly  between  1.5  and  2.1  keV  when 
the  instrumental  broadening  was  taken  into  account.  As  reflected 
in  the  integrated  yields  given  in  Table  11,  the  computed  spectral 
yield  from  carbon  was  in  good  agreement  with  the  measured  spectrum, 
while  the  silver  spectrum  was  low  by  about  a  factor  of  two  over 
the  entire  energy  range. 
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lahlc  11.  Ratios  of  computed  pi  imary-e  lectio  rt  yields 
(SAI)  to  measuied  value's  (ARACOR)  foi  both 
OWL  II1  explodinq  wire  ladiatoi  (EWR)  and 
monochi omat i c  X-iays. 


X-Ray 

Frier  qy 

(keV) 

Mater i a  1 

EWR 

1 .26 

1  .49 

1  .  74 

2.64 

4.  1  2 

5.41 

Aluminum 

1.15 

NA 

0.74 

1.10 

1  .  30 

NA 

1  .  24 

ai2o3 

0.87 

NA 

0.79 

1.03 

1  .  04 

NA 

1  .  30 

Si02 

NA 

NA 

NA 

0.57* 

* 

cc 

o 

NA 

0.67* 

Go  l  d 

1.52 

0.94 

NA 

1 . 06 

1  .  26 

0.83 

0.88 

Si l v  e  t 

0.63 

NA 

0.54 

NA 

0.45 

0.73 

0.81 

Carbon 

1.05 

NA 

0.8  6* 

NA 

NA 

NA 

0.76* 

NA 

=  Not 

available 

<• 

Measured  undei  AF  OSR  Pi oqi am 
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In  the  case  of  monochromatic  x  radiation,  it  turned  out  that 
there  were  only  a  few  common  cases  between  the  experimental  and 
theoretical  spectral  yields.  One  relevant  comparison  between  the 
measured  and  computed  results  is  shown  in  figure  A3  for  aluminum 
oxide  irradiated  at  5.41  keV.  Ihe  experimental  results  ate  pre¬ 
sented  twice,  once  as  given  in  Figure  40  and  again  with  the  in¬ 
strumental  broadening  empirically  unfolded  from  the  data.  These 
experimental  and  theoretical  spectra  are  in  fair  agreement,  but 
the  computations  gave  mote  pho t oem 1 ss i on  in  the  2  to  5  keV  range 
and  less  in  the  0.2  to  1.2  keV  portion.  Ihe  spectral  yield  f i om 
aluminum  irradiated  at  5.41  keV  had  similar  variations  between 
the  theoretical  and  measured  results.  Apparently  the  thin  layer 
of  oxide  on  the  surface  had  only  a  slight  effect  on  the1  emission, 
although  the  oxygen  Auger  peak  was  observed. 

For  the  cases  of  gold  irradiated  at  4.12  and  5.41  keV,  the 
computed  spectral  yields  were  30  to  50?o  greater  than  the  experi¬ 
mental  yields  neat  the  photo-  and  Auqer -emi ssion  peaks.  And,  as 
with  aluminum,  the  spectra  dropped  off  moie  rapidly  at  lowei 
energies.  In  addition,  the  computed  spectra  stopped  at  0.5  keV 
and  thus  missed  Auger  peaks  of  gold  at  lower  energies. 


SPECTRAL  YIELD  (10‘4  electron 


IX  CONCLUSIONS  AND  RE COMME NDA I  I ONS  FOR  FUTURE  WORK 


The  overall  qoal  of  this  program  was  to  t-hai  act  er  ize  x- r  ay  - 
generated  phot oe lect ton  emission  which  is  the  dtivinq  teim  f oi 
SGEMP  effects.  lo  accomplish  this  goal,  instrumentation  was  de¬ 
veloped  and  used  for  both  pulsed  and  steady-state  measut ement s . 

A  maqnetic  photoe lect t on  s pec t tome tei  system,  PESS,  pioved  to  be 
a  reliable  instrument  fot  determining  the  time-resolved  energy 
distributions  and  fluxes  of  ptimaty  elections  generated  by  pulsed- 
plasma  x  radiation.  lhe  total  photoemission  yield  qenei at ed  by 
the  pulsed  radiation  was  measured  using  x-t ay  diodes.  lhe  ptimaty- 
electron  yields  and  secondary-electron  yields,  qeneiated  by  mono¬ 
chromatic  steady-state  x  radiation,  wete  accurately  determined  using 
a  r et ar dinq-pot ent i al  spectrometer.  lhe  PESS  was  also  modified  to 
obtain  phot oe  lect  t on  spectral  yields  using  the  steady-state 
x  radiation. 

These  instruments  were  used  to  determine  phot oe 1 ect i on  yields 
and  s©  ect  r  a  from  several  materials  relevant  to  5GFMP  analyses  and 
typical  of  spacecraft  surfaces.  In  addition  to  the  numerous  series 
of  SKYNE1  measurements  conducted  on  the  PI  OWL  II'  facility,  the 
PESS  was  also  used  on  the  hiqhei -power  DNA  Backjack  4  facility  at 
Maxwell  Laboratories,  Incorporated  (MLI).  lhe  tesulLs  of  these 
measurements,  that  were  done  as  a  subtask  to  MLI  as  part  of  the 
DNA  Advanced  Concepts  Proqram,  demonstrated  the  usefulness  of  the 
PESS  for  measuring  phot oe lect t on  spectral  fluxes  generated  by  hiqher- 
enerqy  x  radiation  in  the  4-6  keV  range.  During  SKYNE1  experiments 
the  PESS  was  shown  to  have  a  t  i me - r eso  1  u l i on  capability  of  better 
than  2  nanoseconds.  A  valuable  byproduct  of  the  pulsed  measurements 
was  the  demonstrated  capability  of  the  PESS  to  resolve  the  time 
histories  of  radiation  from  different  plasma  states. 
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Ihe  steady-state  measurements  provided  a  data  base  of  photo¬ 
emission  yields  from  several  relevant  conducting  and  dielectric 
materials  at  x-ray  energies  in  the  1-6  keV  range.  To  confirm 
the  accuracy  and  reliability  of  the  PE  SS  operation,  the  pulsed 
x-ray  results  were  compared  with  these  steady-state  yield  values. 
Good  agreement  was  found  in  the  pt ima r y -y i e 1 d  results  for  sev¬ 
eral  materials,  including  the  conductors  aluminum,  gold  and  car¬ 
bon,  and  the  thin  insulators  A^O-j,  glass,  Mylar  and  Kapton. 
Reasonably  good  agreement  was  also  obtained  in  the  total-yield 
values.  The  spectral  yields  from  gold  and  aluminum,  measured 
using  pulsed  radiation,  were  consistent  with  the  steady-state 
results  at  four  different  x-ray  energies. 

However,  there  were  some  important  unresolved  questions. 

The  primary-electron  yield  from  the  thick  Kapton,  that  was  mea¬ 
sured  usinq  the  pulsed  radiation,  was  twice  as  large  as  expected 
and  this  extra  emission  was  mainly  at  lower  electron  energies. 

The  primary-electron  spectral  yield  from  the  125- ym -thick  Teflon 
sample  was  about  the  same  as  from  this  thick  Kapton.  But  there 
ate  not  yet  any  steady-state  measurements  on  Teflon  for  compar¬ 
ison.  Another  unexplained  result  was  the  large  secondary- 
electron  yield  from  the  thin  Kapton  measured  dutirtq  the  pulsed 
exper iments. 

The  overall  results  of  this  program  indicate  that  the 
photoemission  characteristics  of  all  relevant  satellite  mate¬ 
rials  should  be  measured.  The  theoretical  values  of  spectral 
yields  ate  in  reasonable  agreement  with  the  measured  values; 
the  differences  were  no  more  than  a  factor  of  two  for  those 
materials  that  could  be  compared.  But,  even  thouqh  a  computet 
code  can  adequately  predict  the  spectral  yield  of  some  common 
materials,  the  surface  composition  and  behavior  of  other  mater¬ 
ials  may  be  unknown  to  a  substantial  degree.  This  is  particu¬ 
larly  important  with  respect  to  dielectric  materials  and  coat¬ 
ings. 
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Data  that  needs  to  be  acquired  and  results  that  need  re¬ 
solving  include  the  following. 

1.  Investigations  of  the  substantial  differences  in  pulsed 
photoemission  from  the  different  thicknesses  of  Kapton. 

It  should  be  determined  if  the  differences  arose  from 
different  material  properties  or  from  surface  charging  in 
the  experimental  apparatus. 

2.  Steady-state  measurements  of  primary-electron  and 
secondary-elect  ron  yields  from  the  thick  Teflon,  thermal 
white  paint  and  solar-cell  cover  glass,  all  of  which  were 
measured  under  pulsed  illumination 

3.  Steady-state  measurements  of  spectral  yields  from  Kapton, 
Mylar,  Teflon,  solar-cell  cover  glass  and  carbon.  The 
spectral  yield  of  carbon  would  extend  the  data  base  for 
phot oemi ss i on-cnmput er-code  development  so  that  there  was 
a  large  energy  range  with  no  absorption  edges.  This 
would  also  he  a  reference  for  comparing  the  photoemission 
from  the  spacecraft  dielectric  materials. 

The  results  of  the  measured  photoemission  currents  from  the 
biased  and  unbiased  photoemitter  suggests  this  as  a  convenient 
method  to  monitor  both  the  primary  and  total  electron  yields  gen¬ 
erated  by  intense  pulsed  x  radiation.  This  technique  needs  to  be 
refinpd  and  exploited  during  future  SGEMP-e f f ect s  programs. 

The  anomalies  occuring  during  the  pulsed  irradiation  of  some 
important  dielectrics,  such  as  Kapton,  suggest  that  surface 
charginq  and  other  effects  could  complicate  the  overall  SGFMP 
response  of  a  spacecraft  in  other  ways.  For  instance,  the  magni¬ 
tude  of  secondary  -  electron  emission  from  a  dielectric  can  play 
an  important  role  in  the  initiation  of  surface  breakdown  across  a 
charged  dielectric.  This  can  be  determined  by  suitably-designed 
experiment  s . 
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